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INTRODUCTORY 


This series is intended for the use of all those who are engaged in 
practical aeronautical engineering, and who feel the need of at least 
an elementary knowledge of the theory underlying their practical 
work. For this reason it is hoped that it may appeal equally to 
draughtsmen, apprentices, pilots, and students at technical schools 
who are desirous of entering some kind of aeronautical work. 

The authors have aimed at producing books which, while avoiding 
the use of higher mathematics, are at the same time correct, up-to- 
date, and as free as possible from the technical errors so often found 
in books which attempt to be ‘‘popular*’ at the expense of every- 
thing else. To what extent the authors have succeeded in their 
object the'teader alone can judge. 

Except in the methods of putting the subject before the reader, 
no claim to originality can be made in books of this kind, and the 
authors acknowledge their indebtedness to all the standard works 
on aeronautics. 

The present series consists of — 

Vols. I. Mechanics of Flight, by A. C. Kermode. 

II. Structures, by J. D. Haddon. 

III. Properties and Strength of Materials, by J. D. Haddon. 

Vol. I outlines the principles which maintain an aeroplane in 
flight, Vol. II is confined more to the internal structural problems 
of aeroplane design, whil^ Vol. Ill deals with the strength of the 
members and the materials used in them. 

Subsequent volumes T^fQl deal with other subjects directly con- 
nected with aeronautical work. 

The authors will welcome criticism of any kind, 

A. C. K. 

J. D. H. 




PREFACE TO THIS VOLUME 


The general purposes of the series have already been given. 

This volume is devoted to internal structural problems. I have 
endeavoured to give some of the principles underlying aeroplane 
design subject to the limitations imposed by the general preface, 
For instance, in dealing with spars no attempt has been made 
to analyse specific cases, as these would involve the use of advanced 
mathematics ; similarly, I have avoided any analysis of the torsional 
loads in the fuselage. It is hoped, however, that in such instances 
sufficient information has been given to enable the student at least to 
understand the principles of design and construction. 

The reader is advised to read the corresponding volume on 
“Mechanics of Flight” in the same series, in order that he may 
fully understand the subject. It will be found that any knowledge 
in that subject which has been assumed in this book has been fully 
covered by the companion volume. , 

In a work of this kind I am obviously indebted to the help of many 
others, but I should particularly like to thank those aircraft firms 
who have provided photographs and other information, the pro- 
prietors of Flight for permission to reproduce many of their sketches, 
and Mr. Marcus Langley, who has allowed me to use illustrations 
from his book. Metal Aircraft Construction, 


J. D. HADDON. 



PREFACE TO SECOND EDITION 


In publishing this second edition I desire to thank all those 
who have given constructive criticism of the first edition. 

I am fortunate in teaching students who are 8tud3dng from 
this book, and have thus been able to discover any parts 
that required elucidating. A number of minor alterations 
have been made as a result. Additional matter has been 
added, of which the most important is Undercarriage Strength. 

The type is clearer and larger in this edition, and this I 
hope will mean less fatiguing study. 

J. D. H. 

PREFACE TO THIRD, FOURTH 
AND FIFTH EDITIONS 


Several alterations and additions have been made in these 
editions, including Proof and Ultimate Factor, Stressed Skin 
and Geodetic Construction, Flexibility, Retractable Under- 
carriages, a fuller treatment of Elastic Instability, and an 
introduction to the Principle of Least Work. 

I would again thank those who have pointed out where 
improvements could be made. 

J. D. H. 
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CHAPTER I 

MECHANICS 

Before aeronautics can be efficiently studied, the student must have 
a thorough knowledge of the principles of mechanics. 

The object of this chapter is to remind readers of t]be main principles 
required. For those who are unfamiliar with mechanics wo recommend 
them to first study any good book on the subject. 

Force 

The effect of force is to tend to change the state of rest or motion 
of a body. 

If two equal and opposite forces be applied to a body in the same 
straight line, they will balance each other, and the body is said to be 
in a state of equilibrium, i.e. it will continue in its state of rest or 
steady motion. 

Most bodies at rest have two equal and opposite forces acting on 
them; their weight acting vertically downwards and the reaction of 
their support vertically upwards. 

If a balloon is at rest in still air, the weight is equal and opposite 
to the buoyancy force. If it is rising at constant speed, the forces are 
again equal and opposite, i.e. the buoyancy force acting verticaUy 
upwards will be equal and opposite to the weight plus the air resistance 
acting vertically downwards. 

Should, however, the upward speed of the balloon be increasing, the 
buoyancy force will be greater than the weight plus air resistance. 

This increase in upward force is required to overcome the inertia 
of the body, and is equal to the pro- 
duct of its mass and acceleration. 

Moments 

A body may be acted on by two equal 
and opposite forces and yet not be in 
equilibrium; the points of application 
of the forces must be taken into 
account. 

Suppose the body in Fig. 1 is hinged 
at one end, its weight will act vertically 
downwards from the C.G. and there 
will be a reaction at the hinge equal to 
the weight acting vertically upwards. 

It is obvious that the body will turn 
about the hinge until the centre of gravity is vertically under the 
hinge, i.e. until the forces are'acting in the same straight line. 

If, however, we apply a force R (Fig. 2) such that its tendency to 
turn the body in an anti-clock^e dinection is equal to the tendency 

I 
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of the weight of the body to torn it in a clockwise direction, equilibrium 
is maintained. 

This tendency of force to turn a body about any point is called the 

moment of the force about that point, 
and is measured by the product of the 
force and the perpendicular distance 
of its line of action from the point. 

It should be obvious that a force 
acting at a point has no moment about 
that point. 

2 ' Thus, in Fig. 2 the turning effect 

of R about the hinge equals Rb and 
of W equals Wa. In order that the body may not turn, the two 
turning effects must be equal and opposite. 

Thus Rb - Wa = 0. 

I.e. the algebraic sum of the moments is zero. 

Conditions of Equilibrium 

A body will be in equilibrium, i.e. continue in its state of rest or 
motion — if — 

( 1 ) The algebraic sum of the forces equals zero in any direction. 

(2) The algebraic sum of the moments equals zero about any point. 

If the forces are greater in one direction than another, the body 

will accelerate in that direction. 

If the moments about any point are greater in one direction than 
another, the body will accelerate round the point in that direction. 

A single resultant force will not turn a body. If a body has a fulcrum, 
as in Pig. 1, the application of the force W produces an opposite force 
W at the fulcrum, and this gives an unbalanced moment or couple TFa, 
and the body accelerates round the fulcrum. 

A body such as an aeroplane in the air, which is free to turn about 
any point, will turn about its centre of inertia or C.G. An imbalanced 
force then causes acceleration, and the inertia of the aeroplane’s mass 
acting at the C.G. produces the couple depeiiding on the distance from 
the C.G. and magnitude of the resultant force. 

Example 1. A boy weighing 60 lb. and his father weighing 160 lb. 
are on a see -saw. If the distance between the boy and his father is 
12 ft., find how far the support is from the boy, also the reaction if 
equilibrium is maintained. Neglect the weight of the plank. 

Upward force = Downward force. ^ 

Reaction = 60-1-160 
= 200 lb. 

Let X equal the distance of the support from the boy. 

Taking moments about the boy’s end — 

12 X 160 - 200 a; = 0 

160 X 12 



== Oft. 


Reaction of support = 200 lb. 

Distance of support from boy = 9, ft. 

Example 2. Two men are turning a capstan at a Steady speed, 
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one man exerts a push of 80 lb. at a distance of 6 ft. from the centre 
and the other 100 lb. at 6 ft. They are winding a rope round the 
capstan at a radius of 6 in. Find the tension in the rope and the 
horizontal reaction of the capstan. Neglect friction. 

Taking moments about the centre — 

80 X 6 -f- 100 X 6 -T X J = 0 

480 + 600 = ^ 

^ Tension T = 980 X 2 = 1960 lb. 

B+ 100 - T - 80 = 0 

le = r + 80 - 100 

B = 1960 + 80 - 100 
Reaction R = 1940 lb. 




- — z' • 

* d 


- C' rl 




_ ».• y 



fR 


Fig. Example 2. Chap. 1 


Moments may be taken about any point. Taking them about 
2 ft. from the end — 

80 X 2 4- + 100 X 9 - 4-6T = 0 

160 4- 4(T 4- 80 - 100) + 900 - 4-5T = 0 
160 4 - 4T - 80 4 - 900 - 4*6!r = 0 
0-6T = 980 

^ T =* 1960 lb. (as before). 

Resolution of Forces . 

A force on a body inay be replaced by two or more other suitable 
forces and the effect remain the same. It is often convenient in working 
problems where there is an oblique force to represent this force by 
two others acting at right angles. 



The force B (Fig. 3) may be represented by the straight line ob 
drawn parallel to the direction of the force and representing its 
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magnitude at some suitable scale. B will have the same effect as 
L and D taken together. The projection of oh on the line oa parallel 
to the line of action of L will represent the magnitude of L to the same 
scale as oh* This is known as the component of R in the direction oa* 
In the same way ah represents the component of R in the direction a6, 
j.e. the magnitude of D* 

This may be done graphically or it may be calculated as follows — 

oa == oh cos a 
L = R cos a. 
ah — oh sin a 
/. D — R sin a* 

Let it be required to resolve R in directions L and D not at right 
angles (Fig. 4). 



Fig. 4 


Draw oh to represent R in direction and magnitude, and from o 
draw a line parallel to the direction of L and from h one parallel to 
the direction of D* Let them meet at a* Then oa and ah represent 
the forces L and D respectively. 

As a corollary, L and D can be replaced by one force R* Draw oa 
representing L in direction and magnitude, and from a draw to 
represent D* Join oh* The line oh will give the direction and mag- 
nitude of R* 

Polygon of Forces 

If any number of forces in one plane acting at a point can be repre- 
sented in direction and magnitude by the sides of a polygon taken in 
order, they are in equilibrium. 

In Fig. 6 the four forces AJ5, BCy CD, and DA are represented in 
direction and magnitude by the closed polygon ABCD* 



Fig. 6 
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In Fig. 6 are five forces not in equilibrium, as the polygon is not 
complete. 



Fia. 6 

The line BB which completes the polygon represents a force which, 
if added to the others, will put them in equilibrium. If the forces do 
not act at a point, the forces will be balanced if the polygon is closed, 
but the moments may not be. 


A 





Take, for example, the case in Fig. 7. The forces will be balanced, 
but taking moments about the point of intersection of lines of action 
of the forces AB, BC, and DA^ it will be seen there is an unbalanced 
moment equal to a CD. 

For three forces to be in equilibrium their 
lines of action must meet at a point. -- 

Example 1. If the body in Fig. 8 is in Soolts ( ' { ^ 

equilibrium, find L, D, and x. ^ ~ 

Vertical and horizontal forces must ba^- 
ance, therefore — . ih< 

H = 2001b. 

X = 2400 lb. ^ Fig. 8 

Taking moments about X 

0 

200a; - 4 X 2400 == 0 

9600 
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Example 2. If the body shown in Pig. 9 is in equilibrium, find T, 
D, W, and P. 



Resolving B in the vertical and horizontal direction — 

Vertical component oi R — L = B cos a 

= 2000 cos 10° 

= 2000 X 0-9848 
= 1969-6 lb. 

Horizontal component of B = D 

== 2000 sin 10° 

= 2000 X 0-1736 
= 347-2 lb. 

r = P = 347-2 lb. 

Taking moments about X — 

12P - £ -f 2P 
12P - 1969-6 + 694-4 

P 


TV 4* P = £ 

W = 1969-6 - 106-3 
== 1863-3 lb. 


= 0 
= 0 

_ 1276-2 
- 12 
106-3 lb. 


Exampi*b 3. Fig. 10 is a diagrammatic sketch of a fitting, attached 
to which, on a radius of 2 in,, i^ a tie and two struts B and C. Another 
strut is to be fitted such that the fitting will be in equilibrium. 




Fig. 10 
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Find the position, direction, and the force in this strut. 

Draw the fitting to scale. Represent A, R, and C by an enclosed 
force polygon, then the line joining the enclosed ends will represent 
the unknown force R in direction and magnitude. 

This gives the force R = 500 lb., and its direction = 27° to the 
horizontal. 

Taking moments about the centre, 

Aa-Rb=^0, 


The perpendiciilar distance of the line of action of A may be scaled, 
and is found to equal 115 in. 

Then 300 X 1-15 - 500 & = 0 


346 

500 


= 0*69 in. 


This fixes the position of R. 


Moment of Inertia 

The couple required to make a mass accelerate round an axis is 
proportional to a quantity called the Moment of Inertia, which depends 
on the mass and its distributioo with regard to the axis. 

The couple is equal to the product of the angular acceleration and 
the moment of inertia. 

The moment of inertia about any axis of a mass concentrated at 
a point is defined as the product of the mass and the square of its 
distance from the axis. 



In Fig. 11 the moment of inertia of the mass m about the axis xx 
is rmc®. 

The moment of inertia of the mass nii about the same axis is 
and of w,, The total moment of inertia of the three masses 

= ina?* -f Wi®!* + 

It should be noted that the moment of inertia is not the product of 
the total mass and the square of the distance of the O.G., but the smn 
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of the products of all the small elements of mass and the square of 
their respective distances from the axis. 

The moment of inertia about an axis xx is usually written I xx. 

Consider the mass of material in Fig. 12 to be rotating round axis 
XX, then in order to find I xx it must be considered split up into a 
number of infinitely small elements m, rwi, m 2 , etc., and the moment 
of inertia of each of these found and the whole added together. 



Thus I XX ~ mx^ -j- rriopc^ -|- etc. 

This is usually written 

I XX — 'Z mx^, 

meaning the sum of the products of all the elements of mass making 
up the whole mass and the square of their respective distances. 

This cannot be done by simple mathematics, but a very close approxi^ 
mation may be made by dividing the mass up into small instead of 
infinitely small elements. 



Take, for example, a solid iron flywheel. Its moment of inertia may 
be found approximately by dividing it up into a number of cylindrical 
parts as shown in Fig. 13, finding I for each and adding them together. 
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Weight of iron == 0*26 Ib./cu. in. 


Number of 
Cylinder 
from outside 

Mass 

Bn {R* - f*) 0-26 

Distance* 

(from axis to centre 
of material) 

7 - m** 

1 

77-56 

90-26 

6997 

2 

69-39 

72-26 

6013 

3 

61-23 

56-26 

3444 

4 

63-07 

42-26 

2242 

5 

44-91 

30-25 

1359 

6 

36-76 

20-26 

744 

. 7 

28-59 

12-26 

350 

8 

20-41 

6-26 

128 

9 

12-26 

2-25 

28 

10 

4-08 

0-25 

1 


Total I == 20306 lb. in.* 


The correct solution is 20410 lb. in.*, from which it will be seen that 
the above approximation is only 0*6 per cent out. 


Radius of Gyration 

By dividing I by the mass we get the square of the distance from 
the axis to the circumference of a circle at which, if all the materials 
of a rotating body could be concentrated, its effect would remain 
unchanged. 

This is called the Radius of Gyration, and may be defined as the 
radius at which, if all the mass were concentrated, the action of a 
rotating body would be unaltered. 


1 = MK\ 

where M = the total mass 
and K = Radius of Gyration. 


K 


for a solid cylinder and 




r* -f for a hollow cylinder about the 
longitudinal axis, 


where r = external radius 
Tx = internal radius. 


Referring to the previous example of the flywheel — 
Total mass = 6 X 10* X 7t X 0-26 
« 408-2 lb. 

I = MK^ 

__ ^ 

““ 2 

408-2 X 100 
2 

= 20410 lb. in.* ’ 
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Example. Find the moment of inertia of a hollow cylinder about 
its longitudinal axis, given — 

Total weight of cylinder = 60 lb. 

External diameter = 4 in. 

Internal diameter = 3 in. 

Height == 10 in. 

I == MK^ 



60 X (16 + 0) 
2 

= 626 lb. in.* 


Moment of Inertia of an Area 

Although an area can have no inertia, the product of a small element 
of area and the square of its distance from an axis is called the Moment 
of Inertia or second moment of the element of area about that axis. 

In the same way as previously explained for mass, the total moment 
of inertia of an area is equal to the sum of the products of all the 
elements of area making up the whole and the square of their respective 
distances from the axis considered. 

Referring to Fig. 14 — 

I XX ^ ttx^ -f a^x^ -f ajOJi® etc. 

= Zax’^, 

In this case 

I == AK\ 

where A is the total area. 



The following example will make this clear. 

Find the moment df inertia of the area about the axis through the 
centroid of the I section in Fig. 16, by the approximate method pre- 
viously used for the mass moment of inertia. 
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Number of 
Section 
from outside 

a 

Area of i 

Section (in.*) j 

) J* 

(Distance)* 

1 (from N A) 

1 /na ” 

1 

B 

\ 56-25 

450 

2 

B 

1 42-25 

338 

3 

! 2 

30-25 

60-6 

4 

2 

20-25 

40-5 

5 

2 

12-25 

24-6 

6 

2 

6-25 

12-6 

7 

2 

2-25 

4-6 

8 

2 

0-25 

0-5 


I for half section = 931 in.* 


Total /na = 931 X 2 
= 1862 in.* 


The Radius of Gyration will equal 
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1862 

56 


1862 

4 -h 12 X 2 


= V33'25 


= 5-77 in. 


The moment of inertia of an area about an axis through the centroid 
is required in dealing with the strength of beams and struts. 

Most engineering pocket-books give the moments of inertia for 
simple standard sections in terms of their dimensions. 

Examples are given in Appendix I, also a method of finding I for 
a thin metal section in Appendix II. 

It will be seen that foe an I section 
" hd^-h^d^^ 

^ 12 


Using this to solve the case in the previous example — - 
8 X 163-6 X 123 

^ " i 12 

32768 - 10368 
“ 12 


22400 


K 


12 

/1867 

= V33-34 
= 5-77 in. 


= 1867 in.‘ 



CHAPTER II 

PR ABIES 


The name Frame is given to a structure consisting of a number of 
struts and ties pin-jointed together carrying loads mainly at the joints. 
Its individual members are in compression or tension, although as a 
whole it may be Subjected to bending. 

If the loads and members ail lie in one plane, it is called a Plane 
Frame ; and if in more than one plane, a Space Frame. 

The most important frames in the aeroplane act as a whole as beams, 
and are named Trusses. 

A perfect frame is one that has just enough members to keep it 
rigid under all systems of loading. If it has less it is said to be deficient, 
and if more it is called a Redimdant Frame. 




CO 


Fig. 16 

Fig. 16 (a) shows a perfect fi^ame, (6) a deficient frame, and (c) a 
redxmdant frame. 

In Pig. 16 (c), if the cross members would only take a tensile load, 

12 
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it would be a perfect frame if when one was under load the other was 
slack. 

This type of bracing is considerably employed in aeroplane structures. 

Where cross-bracing is employed care must be taken that one tie is 
not tensioned against the other or the frame will become self-strained, 
i.e. the members would have initial loads in them, which, with the 
addition of the loads due to external forces, are liable to cause failure. 

The basis of the perfect frame is the triangle, i.e. a perfect frame is 
made up of one or more triangles. 

If a frame is in equilibrium, two conditions must be satisfied — 

1. The external forces (loads applied) must be in equilibrium. 

2. The external forces plus the internal forces (loads in the members) 
at any joint must be in equilibrium. 

Method of Determining the Loads in the Members of a Frame 

In the simple frame shown in Fig. 17 there will be one external and 
two internal forces acting at each joint. 



Pig. 17 


If a letter is put between each external force and one in each triangle 
of the structure, the forces may be n^ed by the letters each side of 
them, reading in a clockwise direction. This system of lettering was 
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devised by Henrici and Bow, and is known as BoVs Notation. Thus 
in the bottom joint x there is the external force AB and two internal 
forces BD and BA, These forces being in equilibrium, they may be 
represented by a closed triangle. 

Set off a line AB (Fig. 17 (a) ) vertically downwards to represent the 
force AB to B> suitable scale. From B draw a line parallel to the internal 
force BD, and from A one parallel to the force DA ; where these cross 
will be the point D. The length BD will represent the magnitude of 
the force BD, and DA the magnitude of the force DA. 

The direction they are acting at the joint will be found by the direc- 
tion of the lettering in the triangle. Thus the force BD is upwards as in 
the triangle B to D is upwards; in the same way, DA is upwards. 
This means there is a pull in these members away from the joint x, 
and they are therefore taking tension. 

In like manner the internal forces at and i/ may be found from 
the triangles (Fig. 17 (b) and (c) ). 

By putting these three triangles together, a single diagram is formed 
showing all the external forces and all the loads in the members. 

This is called a Stress Diagram. 

Stress Diagrams 

By the use of Bow’s Notation, a stress diagram may be drawn for 
a whole structure without considering separate force polygons. 

An example will make the method clear. 

Fig. 18 (a) is a line drawing, showing the external loading of the 
structure of which we wish to find the internal loads. It is very 
important that it should be drawn accurately to scale. 




The drawing is lettered in such a way that there is a different letter 
between each external load and one in each triangle of the structure. 

The forces are known by the letters each side of them, reading in a 
clockwise direction, e.g. the left-hand 4601b. load is known as AB, 
and not BA. 

Note. It is not incorrect to read the loads anti-clockwise, but which- 
ever method we choose must be used consistently throughout. 

Commencing with the force AB, set down the line db parallel to and 
in the direction of the force AB and representing to some suitable scale 
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its magnitude. Note the line goes from a to 6 upwards, as the force AB 
is upwards. 

From & draw 6c, parallel to and in the same direction as the force 
RC, and to the same scale as before. 

This is continued for all the external forces in order, thus forming the 
figure a, 6, c, d, c, /, g. 

This will be a closed polygon, as the forces must be in equilibrium. 

We now have to find the forces in the members, or internal forces. 

We must start at a triangle of the structure that has two external 
members, so that we have two known points to draw vectors from and 
find where they cross. In this case we can start at triangles ikf or H 
but not L or K. 

Starting at the triangle M, through a draw a line parallel to AM, and 
through 6 a line parallel to BM ; where these meet wiU be the point m. 
Next through m draw a line parallel to ML, and through d a line 
parallel to DL\ where they meet will be 1. Continue this until h and h 
are found, when the stress diagram is complete (SHg. 18 (6) ). \ 

The forces in aU the members may now be found by measuring the 
lengths of the corresponding lines in the stress diagram, e.g. the length 
qf 6m represents the force in BM to the same scale as that used for the 
external diagram. 

Having found all the forces in this manner, we next get the direction 
they are acting at the joints. If they are pulling away from a joint, 
the member is in tension ; and if p\ishing into the joint, compression. 

Taking the extreme left-hand joint, we have the forces BM and 
MA. {Note. These are named in a clockwise direction.) Referring to 
the diagram, we see that 6 to m is downwards, therefore the force 
BM at that joint is downwards, i.e. into the joint or compression. 
ma is to the right, therefore the force M A is to the right or away from 
the joint, and the member is in tension. This is repeated for each joint 
and the direction of the force found in each case. 

It is usual to distinguish the tensile from the compressive loads by 
calling the tensUe “negative” and the compressive “positive.” 

Note. In this example capital letters are used to represent the 
forces in the structure and the corresponding small letters for the same 
forces in the stress diagram. This is simply for ease of reference; in 
examples no distinction will be made. 

Some people prefer to use two types of letters. This practice will 
not, however, be adopted here, as it is not the system devised by' 
Henrici and Bow; also it leads to complications on advanced work, 
where more than 26 letters are required. 

Cross Bracing 

Where cross bracing is used, the wire which is thought to be in com- 
pression must be omitted in drawing the stress diagram. 

If the wrong wire is chosen, it will be found to show a compression, 
in which case that portion of the diagram must be drawn again, using 
the other wire. 

Exasjple. Draw the stress diagram for the cross-braced structure 
illustrated in Fig. 18 (c). * 

Consider the right-hand frame: the end strut tends to rise due to 
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the up load of 8 J tons minus the down load of 2 tons. This will obvi- 
ously be prevented by the cross bracing shown by a full line, ^ow if we 
consider the next frame, we see that the strut GH tends to go down 
due to the loads to the right having a resultant downwards. Thus the 
wire shown dotted will be in tension. 

If the top or bottom member had been sloping we could not have 
found the correct wire so readily, as the force in the member would 
have had an upward or downward component. However, we can get 



a rough idea of the wire which is in tension by finding the direction of 
the resultant force on one side of the frame considered. Then if the 
wrong wire has been chosen, that part of the stress diagram should 
be redrawn, using the other wire. 

In this example we will take the wrong wire HK (full line). The 
stress diagram is shown in Fig. 18 (d). This shows HK in compression, 
so the other wire HJC^ is now taken. The difference to the diagram 
is shown dotted. 

I 

Special Cases 

If a force is applied other than at a joint, it may be replaced by two 
other forces acting at the joints. This must be done before drawing 
the stress diagram. Assuming a force of 30 lb. acts on a bar AB, 
2 ft. from B and 1 ft. from A, ^ 

OA w O 

Equivalent force at A s= — -- — = 20 lb. 

3 

» ’ 5 = 30- 20 = 101b. 

These forces have the same effect on the other members of the structure 
as the 30 lb. The 30 lb. will, however, put a bending moment on the 
bar A5, which must be taken into account when designing AB. 
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External forces must be drawn outside the frame, and P in Fig. 
18 (e) should be drawn outside as Pj. 



Fig. 18 (e) 


Incomplete Diagrams 

It is often convenient when dealing with part of a structure to draw 
an incomplete diagram, particularly in the case of structures supported 
at one end. 

Assume we wish to find the loads in the flying wires and spars of 
the biplane truss shown in Fig. 19 (o). 

The complete diagram is shown in Fig. 19 (6), but all that is necessary 
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in order to obtain the loads required may be found from the portion 
of the diagram Fig. 19 (c). Fig. 22 (c) is another example of this type of 
diagram. 

Method of Sections 

This method enables the load in any member of a structure to be 
found without having to first find the loads in several other members. 
It is useful also as a check upon the accuracy of results obtained from 
a stress diagram. 

It becomes rather laborious when there are many external loads 
at different angles, and is therefore not recommended for use when 
loads in several members are required. 

The method is a development of the fact that a structure in equi- 
librium which is divided into two by an ideal section has its external 
forces on one side of the section, balanced by the forces acting in the 
members cut by the section. 

This will be best illustrated by an example. 

Take for example the tail end of a fuselage having only one external 
load P'at that end (Fig. 20 (a) ). Assume the third bay to be cut in two 
by the line xx^ then in order that the structure may be in equilibrium 
the algebraic sum of the moments of the forces in the members AB, 
ACi and DC, together with the external force P, must Squal zero 
about any point. This is clear if we consider the two rear bays as a solid 
body (Fig. 20 (b) ). It is in equilibrium under the forces P, AB, AC, 
and C.P 

{Note. Bow’s Notation is not convenient here.) ' 

To find the force in AB, take moments about C, thus eliminating 
AC and* PC, which have no moment about this point. Assume the 
force in AP acts at the point B in .the direction given by the arrow. 

Then xP - a X AB = 0 

or AB = — • 


If this answer should be negative, the force in AB will be in the 
opposite direction to that shown by the arrow. 

To find DC take moments about A, 


then yP - c x DC = 0 
yP 

or DC — 


To find AC take moments about D, 

then yP - h X AB - d X AC = 0 

_ yP^bxAB 
or AC = 


d 


yP-h X 

xP 

a 

d 


Note. AB must be found before AC. 
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To find BC assume the structure is cut by the line Xi - 
then taking moments about E 
zP e X BC -f X AB = 0 

fXAB-zP 

or BC = 


/ -2JP 

a 




Fig. 20 (h) 

In this way, proceeding bay by bay, the forces in all the members 
may be found. 

ExampIaB 1. Find by the method of sections the loads in the members 
BC, BE, and DE of the biplane truss shown in Fig. 21. 

Assume the truss is cut in two by a line cutting BC, BE and DE, 
and DE to be in tension as shown by the arrow. 

Taking moments about B, 

5DE - 4-6 X 120 - 8-6 X 100 = 0 


DE 


640 X 860 


6 

« 278 lb. 

As this is positive, the load in DE =* 278 lb. tension. 
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BC is obviously in coinpression, but as an example we will assume 
it to be in tension or pulling from R. 

Taking moments about R, 
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SRC + 10 X 120 + 5J.X 200 + 14 X 100 = 0 
1200-1100-1400 


BC = 


- 740 lb. 


The negative answer showa that the assumption that BC was tension 
was wrong, and the load in BC =* 740 lb. compression. 


Assume BE is in tension. 

Taking moments about R, 

xBE - 5BC-4.-5 X 200 + 4 X 100 = 0 


a?, the distance of the line of action of BE from R, may be scaled from 
an accurate drawing and found to equal 6| ft. 


Then 6-76RR - SRC -4-6 X 200 + 4 X 100 = 0 

6-7SRR - S X 740 - 900 -f 400 . =0 

3700 -f 900 - 400 


BE ^ 


6-76 


- ^200 
““ 6-75 


= 622 lb. 

i.e. BE has a load of 622 lb* tension. 

Exampueq 2. Find the loads in all the members of the tail-end of 
the fuselage shown in Fig. 22 (a), by the stress diagram method. 

The stress diagram is shown in (6), and the loads obtained from it 
are shown against their respective members ; negative fihowing tension. 
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Example 3. Find the load in the member FX of the front portion 
of the rib shown diagrammatically in Fig. 22 (c). 

By method of sections. 

Let X = compressive load in top inner boom. 

Perpendicular distance of top inner boom from F = 6*1 in. 


6ofb* gofbs 




Taking moments about F — 

48 X 6-5 -f 77 X 9 4- 122 X 1 - 6-l;r = 0 

312 4- 693 -f 122 
^ 61 
_ 1127 

“■ 6-r 

= 221 lb. 

Perpendicular distance of top inner boom from Z « 3*93 in. 
,t „ of FX from Z = 4-43 in. 

Taking moments about Z — « 

77 X 2‘6 4 122 X 0-75 -.3-93 X 221 4“ 4-43 FX « 0 



Fia22. d 



The stress diagram is shown in Fig. 22 (d), for those who prefer that 
method. 

It should he noted that when finding the loads in curved members, 
such as the rib booms, the loads are taken to act as though the members 
were on a straight line from joint to joint. 



CHAPTEE III 

THE GENERAL PROBLEM 


Weight of Aircraft in Relation to Structure. 

The factor of primary importance in aeroplane structural design is the 
necessity of obtaining maximum strength with a minimum of weight. 
With a reduction in structure weight, other things being equal, any 
of the following may be obtained — 

1. Greater useful load. 

2. Higher speed. 

3. Higher rate of climb and ceiling. 

4. Greater range. 

An engineer is often said to be a man who can make for one shilling 
what anyone else could make for one pound sterling. An aeronautical 
engineer must be able to build with one ounce what any other engineer 
could build with one pound weight. 

In dealing with the strength/weight ratio of aircraft it must be borne 
in mind that a reduction of weight at the expense of head resistance 
is not necessarily a gain in overall efficiency, especially with the modern 
high-speed aircraft. 

Take, for example, a machine weighing 6000 lb. and having a L/D 
under certain conditions of 10, the thrust required would be 600 lb. 
for steady horizontal flight. 

If by certain alterations the weight is reduced to 5850 lb., but at 
the same time the drag is increased so that the L/D is now 9, the thrust 
required t6 overcome this increased resistance would be 650 lb., i.e. more 
power would be required from the engine for the same performance. 


Relative Weights 

The total weight of a machine may be divided into four parts — 

(а) Structural. 

(б) Power plant. 

(c) Useful load. 

(d) Consumable load (fuel, oil, water, etc.). 

The structure weight is usually about 35 per cent of the total. This 
may be subdivided into — 


Wings . 
Body . 
Tail unit 
Chassis. 


16 per cent 


12 

H 


99 

99 

99 


>approx. 


The relative proportions of 6, c, and d depend on the purpose for 
which the machine is to be used. 

A commercial machine will Have a high useful load and a relatively 
small power plant. If high speed is required, then the power plant 
weight will be high at the expense of yseful load. For a long-range 
machine the consumable load will be high and the useful load small in 
proportion. 


a— (A.900X) 
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The Power Plant 

Although the aircraft designers must rely on the automobile engineer 
to supply him with this important unit, he will, by choosing the best 
engine for the purpose for which the machine is to be used, considerably 
increase the performance. 

Steady development has been and is being made by the engine con- 
structor. Not only are engines more reliable, but their weight per 
horse-power has undergone definite decreases. In 1916 an average 
value for engine weight was 4 Ib./b.h.p. ; in 1920 this was reduced to 
1*8 Ib./b.h.p. ; while at present it is only 1*5 Ib./b.h.p. 

This has been brought about largely by metallurgical progress, which 
has permitted the use of super-grade steels and light alloys, increase 
in thermal efficiency due to the use of higher compression ratios, made 
possible by the addition of “dopes” in the fuel, delaying detonation, 
use of variable pitch airscrews, supercharging, and gearing. 

Consumable Load 

Reduction in this item will depend on the use of the most efficient 
power plant and fuel, and a highlift/drag. 

Structure Weight 

It is in the structure that the designer must explore to the full all 
means by which the weight and head resistance of the machine may be 
reduced so as to enable greater speeds, increased ranges, more useful 
load, and higher altitudes to be obtained. 

It will be interesting to note here how performance has been improved 
by reference to the following record figures — 



< 

Speed 

m.p.h. 

Non-stop Flight. 

Miles 

1907 . 


, — 

i 

1913 . 


. 126 

634 

1920 . 


. 194 

1,190 

1926 . 


. 280 

3,200 

1929 . 


. 367-7 

4,912 

1933 . 


. 423-7 

6,667 

1937 . 


. 440-7 

. 6,306-7 

1939 . 

• 

. 463 

7,162 


Most important is the recent increase in speed of general types of 
aircraft. As horse-power is proportional to velocity cubed, it becomes 
vitally important to have a structure of good streamline shape and 
smooth surface in order to save horse-power by cutting down resistance 
to a mmimum. In most cases reduction of head resistance means in- 
creased weight, but the higher the speed the greater the reduction of 
drag for a given increase in weight. For example at 150 m.p.h. the 
increase in weight involved by retracting the undercarriage prevents an 
improvement of performance, but at 300 m.p.h. four times the drag is 
saved (U cc F*) and it becomes well worth while, tt is interesting to 
note that the Bristol Company designed a racing aeroplane with 
retractable undercarriage in 1922, so it is not a new idea. A high degree 
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of streamlining is only worth while on high-speed aircraft, and it is for 
this reason that only racing aeroplanes were highly streamlined in the 
past. Now that all aeroplanes have a high speed they are all well 
streamlined. 

The chief advance has been in the development of the stressed-skin 
monoplane, which gives a smooth surface and enables a good streamline 
shape to be obtained without the use of fairings. At the same tiihe 
this type of structure provides room in the wings for retraction of under- 
carriage and stowage of bombs, which until recently were carried in the 
open. It also require^ no external bracings. 

It was not until higher speeds made streamlining so important, and 
the consequent increase of wing loadings allowed a sturdier structure 
to be used without increase in the proportion of structure weight, that 
stressed skin was an advantage. In a lightly loaded slow machine, 
metal-stressed skin is likely to work out heavier than a braced structure, 
and at slow speeds weight has proportionally more importance than 
reduction of head resistance. Also higher speeds increase the tendency 
to flutter, and the stiflfer stressed skin and geodetic structures decrease 
this tendency. 

Materials 

The majority of modern types of aircraft are made of aluminium 
alloy, steel being too heavy for stressed skin. Magnesium alloy, which 
would give a lighter structure than aluminium alloy, would be used if 
its low resistance to corrosion could be overcome. There are a few 
machines made of wood or partly of wood, and there are signs of a 
partial return to wood construction. Wood lends itself very well to 
stressed-skin construction, and the latest reinforced woods fire very 
reliable. 

A lot of experimental work is being done on plastic materials, and a 
few have given reasonable results, so that it may not be very long before 
these materials are used in the structure. 



CHAPTER IV 

LOADS ON AN AEROPLANE 


When an aeroplane is flying level at constant speed, the supporting 
forces on the wings and other lifting surfaces will be exactly equal to 
the weight of the aeroplane, and the thrust will equal the total drag. 

Suppose an aeroplane keeping its flying attitude suddenly has its 
thrust increased by opening up the engine. The result is an increase in 
forward speed with an acceleration upwards. 

This acceleration throws extra forces on the wings. 

All manoeuvres involve accelerations or decelerations, and these 
throw increased loads upon the structure. 

Method of Obtaining Loads in the Structure 

So intricate and variable are the external loads, arising as they do 
from air forces and the weight of th*e aeroplane itself, that to determine 
accurately aU possible loads is a task that could only be attempted as 
a piece of scientific research. 

For practical design purposes it is standard British practice to find 
the loads in the structure under certain conditions of steady flight and 
landing, e.g. — 

1- Centre of Pressure Forward (minimum speed). 

2. Centre of Pressure Back (maximum speed). 

3. Nose Dive (terminal). 

4. Landing. 

6. Turning. 

6. Inverted Flight (if necessary), etc. 

These loads, called basic loads, are multiplied by a load factor which 
varies in each case and with the type of aeroplane. 

Factor of Safety and Load Factor 

In general engineering when designing a structure, the worst possible 
loads that can come on it are estimated, and these are multiplied by a 
figure called the Factor of Safety. 

Thus the material under the worst conditions will only be stressed 
up to a fraction of its ultimate stress. 

It is impracticable in aeronautical engineering to estimate the loads 
under all the conditions of flight. The loads which come on the machine 
under the above conditions of steady flight and landing are foimd, and 
these are multiplied by a figure called a Load Factor, and the member 
designed to withstand the resultant load. 

There are two types of load factor, viz. — 

1. Ultimate Factor, This is intended to allow for twice the loads 
expected during manoeuvres appropriate to the type of aeroplane. The 
structure must be designed so that it will not collapse before withstand- 
ing the product of the steady flight load and the ultimate factor. 

2. Proof Factor, This is 76 per cent of the ultimate factor and is to 
allow for the structure being airworthy, i.e. without appreciable pep- 
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manent set, under 1*5 times the maximum loads expected under 
manoeuvres appropriate to the type. 

Ultimate factor 

2 maximum estimated load (load for which aeroplane is designed on ultimate streea) 

“ basic load 

Proof factor 

H maximum estimated load (load for which aeroplane is designed on proof or yield stress ) 

basic load 


It follows that if under any conditions an aeroplane is expected to 
carry x times its basic load in any of the cases given above, the 
structure must be given an ultimate factor of 2x for that particular case. 
The extra factor of 2 is to allow for emergency manoeuvres, faulty 
rigging, etc., and is not a factor of safety as in the general sense of the 
term, as loads are not always proportional to stress. This ensures that 
the aeroplane will be safe, though in many cases it wiU be stronger than 
is necessary. The human factor is the obstacle to an exact solution. 
The maximum loads encountered depend largely on how the pilot 
handles his craft. It is safe to say that a very clumsy pilot could break 
any aeroplane. 

The designer does not himself estimate the load factor required. 
This is laid down by the Air Ministry. It is based on acceleriert/ion tests. 
Thus, if in an appropriate manoeuvre an aeroplane has an acceleration 
upwards of Mg, where g is the acceleration due to gravity, the upward 


W ( W \ 

force to produce this acceleration is — . Mg = WM ^force = — aj 


In steady horizontal flight. Lift = Weight. 

Load in manoeuvre Lift hVM W + WM 
Load in steady flight ~~ Lift ~ W 
^ 1 + M 

Thus Ultimate factor = (1 -f- M)2 

and Proof factor = (1 -j- M)V5 


Example. A tensile member has to carry in steady horizontal flight 
a load of 6000 lb. in the C.P. Back case for which the ultimate factor is 
6, and 4000 lb. in the C.P. Forward case for which the ultimate factor 
is 7. Find the minimum cross-sectional area of the member ; given ulti- 
mate stress 62 tons/sq. in., proof stress 36 tons/sq. in. 

Load corresponding to ultimate factor 

1st case = 6000 X 6 = 25000 lb. 

2nd case = 4000 X 7 = 28000 lb. 

The second case is greater and so determines the maximum load the 
member must withstand. Load corresponding to proof factor in 

2nd case = 28000 X 0*76 
« 21000 lb. 


The member must not exceed the proof or yield stress under this load 


/-P/A 
^ - P// - 


2X000 
30 X 2240 


e= 0*26 sq. in. 


I 
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For the load corresponding to the ultimate factor, use ultimate stress 


A 


P/f=- 


28000 
52 X 2240 


= 0-24 sq. in. 

The larger will be the area required, i.e. 0 26 sq. in. 



Effect of Load Factor on Weight 

A designer must make his machine to the required strength, but it 
is bad design to make it (apart from a small margin) any stronger. Extra 
strength means increased weight and decreased perfonnance. 

Major Barlow* has shown that a change of one unit in load factor, 
for any case, means approximately 1 per cent change in the structural 
weight, i.e. if a machine weighing 5000 lb. had its load factor changed 

* JKAe.Soe, /oumal, April, 1920. 
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ill the C.P. Forward case from 6 to 7, the resulting structure would 
weigh another 60 lb. 

It follows that a machine required for aerobatics will be propor- 
tionally heavier than one required for steady flight. 

A member made under usual workshop practice is called a typical 
component. Such a member is required to withstand on strength test 
120 per cent of the factored load. A typical component is likely to be 



stronger than a standard component, which is the weakest component 
complying with drawings, limits, and material specifications. If a 
typical component was tested and only just withstood the factored 
load, weaker components, still up to standard, would fail. 

Centre of Gravity (Estimated) 

In order to design a structure of suitable strength, and to get the 
Centre of Pressure in the right position, the weight of the aeroplane and 
position of the Centre of Gravity must be estimated. 

This may only be found by a designer from experience of other 
machines. 

As it is necessary to obtain this information before the Bhap6 or size 
of any detail is considered, there is often a considerable error in the 
result. 

Where possible the thrust line should pass approximately through 
the C.G., in order to minimize the difference in tail load required to 
overcome the thrust moment due to engine on and olBE conditions. 

If the C.G. is too far forward, the zhachine will be tail light and in 
landing tend to fall on its nose; if too far aft, it will be tail heavy, 


so 
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which, apart from the flying qualities, will put increased loads on the 
fuselage in landing, due to extra weight being taken by the tail skid. 

The relative positions of the C,G, and C,P, may he corrected by — 

(a) Altering the fore and aft position of the wings or stagger. 

(b) Sweep-back. 

(c) Angle of the tail plane. 

(d) Changing the position of the loads. 

The latter method is not often possible owing to the great distance a 
load must be moved to appreciably affect the C.G. 

(a), (6), and (c) will only correct the position of the C.G. with regard 
to the centre of pressure in flight. 

If the error is great it will be necessary also to alter the position of 
the chassis so that the balance of the machine and strength of the 
fuselage will be correct in landing. 

If the weight comes out less than was estimated, the performance 
will be improved, and vice versa. 

Centre of Gravity (Actual) 

In the finished machine it is found in the following manner. 

The weight reactions on the wheels and skid are found in rigging 
position and again with the tail down (Fig. 24), weighbridges being 
placed under the" wheels and a spring balance or weighbridge at the skid. 

The distance behind the wheels of the vertical line XX through the 
C.G. in (a) is found by taking moments about R. 

aP - 6 (E -f P) = 0 



where W — total weight of machine. 

In the same way the distance of the vertical line X-^X^ behind the 
C.G. in (6) 

, 1 

- ly 

^ Where XX and X^X^ cross gives the position of the C.G., and the 
height may be found by drawing Fig. 24 (a) to scale as in Fig. 25, Note 
that HB is the ground line in tail down position, and - Xi is per- 
pendicular to this line, by is the distance HF and not AF, as the wheel 
reaction is along HO in tail down position. 

The height may also be calculated from feither of the following 
equations — 

Referring to Fig. 25, 

Let X = height of skid above ground in rigging position, 
and r == radius of landing wheels (allowing for tyre deflection). 

. The other dimensions are as in I^g. 26, 

Equation 1. ABC, DEG, OAH, a,nd AEF are similar triangles. 


PG 

GE 

DG 


a 

X 

GE x a 

X 


(AJg-5)o 


X 
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X 

/ (5i + AB)(a^ + AH) \ ^ 


X 

/OiP, rx\ / rx\ 

X 

— Height of C.G. above ground in rigging position. 

Equation 2. In this case it is assumed that the point of support at 
the skid is the same in both positions. 

hi = {DO - r) sin a + 6 cos a 
ai = a cos a + (^ - >■) sin a 


Taking moments about H 

Wbi = PiUi 

W [{DO - r) sin a -f & cos a] = Pi [a cos a 4- {x -r) sin a] 

p 

{DO - r) sin a = ^ [a cos a 4" {x -r) sin a] - & cos a 
W 


DO ^ 


Pi . aP 

77 = [a cos a + (a; - r) sin a] - — cos a 
W W 


4-r, 



cot a -f 


Pi{x-r) 

W 


aP cot a 
W ^ 


a cot a 
W 


{Pi-P) 


Pl{X-T) 

W 


4- r 


Height of C.G. above ground in rigging position. 


Note. Position should be given relative to axle in a defined position 
or to leading edge, as height above ground wUl change with load on 
wheels. 
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Eqvdvalent Plane 

In a biplane the forces upon the planes must be taken together to 
find the resultant action of the air on the wings. 

It is usual to state the results in terms of an imaginary “equivalent 
plane,” the position of which is such that the machine can be dealt 
with as a monoplane having all the lift concentrated in this one plane. 

In Fig. 26 

a Lift of bottom plane 

b ^ - Lift of top plane 

'^rhere Ai and A 2 equal the areas of the top and bottom planes respec- 
tively and CjA. and Cj.2 their respective lift coefficients. 

If the aerofoils are similar, Cn/Cta may be taken as 1*2. 


\ 

\ 

\ 

\ 

\ 


Fig. 26 

Example 1. The aeroplane in Fig. 27 is found to have its C.G. too 
far forward with regard to the main planes. 

In order to correct this it is decided to move the top plane forward. 

Find the correct distance of the leading edge of the top plane behind 
the centre line of the airscrew so that the C.G. will be 0*3 of the chord 
of the equivalent plane back from the leading edge. 

Given: Movement of the C.G. forward due to correct movement of 
top wing = 1 in. 

Aerofoils are similar and their areas are the same. 

Distance of leading edge of equivalent plane in front of 
C.G. = 6-26 X 0-3 == 1-575 ft. 

Distance of leading edge of bottom plane in front of 
C.G. *= 11 in. = 0-917 a. 
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Distance of leading edge of top plane in front of C.G. 

2*2 

= (1*576 -0*917) -f 0*917 

— 2*123 ft., say 2 ft. IJ in. 

Distance ctf leading edge of top plane behind the centre line of airscrew 


= 4 ft. 11 in. -2 ft. IJin. 
= 2 ft. 9i in. 



Fig. 27 


Example 2. An aeroplane when weighed in rigging position and 
again with the tail skid at ground level gave the following results — 

Reaction on wheels in rigging position . 6800 lb. 

Reaction on skid in rigging position . 200 lb. 

Reaction on wheels, tail down position . 5600 lb. 

Reaction on skid, tail down position . 400 lb. 

Horizontal distance from wheels to skid 

in rigging position . . . . 30 ft. 

Horizontal distance from wheels to skid 

with tail down . . . . . 30*16 ft. 

Bteight of skid above ground in rigging 

position . . . . . . 6 ft. 

Diameter of landing wheels . . . 3 ft. 

Find the height and horizontal distance of the C.G. behind the axle 
in rigging position. 

Total weight = 6800 + 200 « 6000 lb. 
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30 X J 



Fig. 28 

Loads in Steady Horizontal Flight 

Under this condition 

Total lift = weight 
Thrust of airscrew = total drag. 

The sum of the moments about any point must be zero. 

Referring to Fig. 28, 

i-p = PF 
T = U 

Taking moments about X, 

' Dx + Pl-Ly = Q " 

From these equations P and L may be found. 

The tail load P may be either up or down, depending on the position 
of the centre of pressure. In high-speed flight the O.P. is back and 
there is a down load; while in low-speed flight the C.P. is forward, 
giving an up load on the tail; 

Example. An aeroplane weighing 12,000 lb. has its centre of pressure 
8 in. behind the C.G., and the line of drag 2 ft. 8 in. above the thrust 
line, when in horizontal flight. Find the tail load, if the thrust is 1800 lb. 
and the C.P. of the tail plane is 42 ft. 8 in. behind the C.G^ 

Drag == thrust =? 1800 lb. 


Height o£ / ! 2 ’.) (a, + -)-ab 

C.G. == \ IF ^ a/ \ ^ a/ 


above ground 


^30-16 X 400 
. 6000 


1-5 X 5^ / 1-5 X 5\ 


(2*01 -f- 0-26) (30-16 + 0-25) -30 
“ 6 
68-73 - 30 
5 

= 7-75 ft. 

Height above axle = 7-75 - 1-5 = 6-25 ft. 
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Take moments about the point of intersection of the thrust and lift 
lines, and assume the tall load is upwards. 

1800 X - 12000 X f - 42P = 0 

126P = 14400 - 24000 

^ “ 126 

= 76*2 lb. downwards. 

Nose Dive 

The limiting case of a nose dive occurs when the aeroplane travels 
in a nearly vertical path at its terminal velocity. 

Under this condition there is a moment on the wings, giving rise to 
a downward load on the front truss and an upward load on the rear 
truss, the wings being at negative angle of attack. 

The machine is kept in equilibrium by a load acting down on the tail. 

At a steady velocity the weight is balanced by the drag on the various 
parts. 

In pulling out of a nose dive heavy loads are put on a machine. A 
quick pull out is liable to break a machine, as shown by the following 
example. 

An aeroplane nose-diving at a speed of 250 m.p.h. is suddenly pulled* 
out and reaches an angle of attack equal to the stalling angle without 
any appreciable loss of speed. If the stalling speed is 80 m.p.h., find 
the minimum load factor required to prevent failure of the structure. 

Actual lift at stalling angle at 250 m.p.h. 

sr 


Normal lift at stalling angle at 80 m.p.h. in steady horizontal fiight 

iCj,pAv^ 


= weight : 




where V = speed at 250 m.p.h. 
and V — speed at 80 m.p.h. 


Actual lift actual lift 

r-rrr, = r—rr — = load factor required. 

Normal lift weight 

_ gCj^pAV^ _ Z! _ ^ 

gCj,pAv^ V* 80* 

= 9-8 


If the ultimate factor is not more than 9*8 the machine would fail 
under these conditions. If the ultimate factor is 12, the aeroplane may 
have permanent strain. 

Loads in a Tom 

When an aeroplane turns, the side loads on the fin and rudder put a 
horizontal load on the fuselage, and this must be taken into account, 
together with the vertical loads on the tail plane. Thus in a braced 
fuselage the top and bottom as well as the side bracings wiU be stressed. 
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If, as is usually the case, the fin and rudder are not symmetrically 
placed about the centre line of the fuselage, the fuselage has to withstand 
a torsion as well as the direct load. 

Landing Loads 

When a machine lands the shock is absorbed in the shock absorbers 
of the imdercarriage and the tail wheel. 

In a bad landing heavy loads are put on the fuselage, the rear portion 
of which acts as a cantilever to take the tail load. 

The inertia of the wings causes loads in the main plane structure, 
which are not serious, unless engines or other weights are carried in 
the wings. 



CHAPTER V 

STRENGTH OF MATERIALS 

Volume III in this series being devoted to Strength of Materials, this 
chapter will not give more than a brief outline of some of the more 
important principles involved in the structure of the aeroplane. 

Strain 

AH bodies are altered in shape by the forces acting on them. This 
distortion is called Strain. 


Stress 


The internal forces in the material of a body that are called into play 
to resist strain are called Stress. 

Most solids are elastic up to a certain limit ; if strained beyond this 
limit and the stress removed, they will not return to their original 
shape. 

This permanent change of shape is known as the Permanent Set. 

stress 

Within the elastic limit of a material the ratio -7 — is a constant 

stram 

called Young’s Modulus, or the Modulus of Elasticity of the material. 
For all members taking pure tension or compression 


Stress = 


Load 

Cross-sectional area 


Strain = 


Increase or decrease in length 


Original length 
A member in shear will have a shear stress equal to 

Load 


Area under shear 


Bearing stress, which is an important consideration when thin 
material is used, is equal to 

Load 

Thickness X Diameter 



Fig. 29 


37 




38 STRUCTURES 

UXAMPLE. If there is a tension of 1 ton in the member shown 
Fig. 29, find — 

(a) The maximum tensile stress in A. 

(b) The maximum tensile stress in B. 

(c) The shear stress in the rivets. 

(d) The maximum bearing stress. 

(a) Tensile stress in A 

Load 1 

Area 0-02 x 1 
= 50 tons/sq. in. 


(6) Load in each side 

= i ton. 

Cross-section area at point of maximum stress 

= (width of strip — diam. of two rivets) thickness 
- (li-i)0 012 , 

= 1*25 X 0*012 sq. in. 

Maximum stress 

0-5 

■“ 1*26 X 0*12 
= 83J tons/sq. in. 


(c) Area of rivets under shear 

= 8 X crosS-sectional area of rivets 
87r(i)* 


8 X 0*7864 
64 


Stress = 


load 

area 


1 X 64 
8 X 0*7854 
~ 10*2 tons/sq. in. 


(d) Total bearing area 

= thickness of plate X 4 x diam. of rivets. 
= 0*02 X 4 X i 
_ 1 \ 

0*02 X 4 X i 
«= 100 tons/sq. in. 


Stress 
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Struts 


Owing to the need for greater accuracy in aeroplane work, it has been 
found necessary to modify existing strut formulae to take into account 
the equivalent eccentricity of loading due to very small deviations from 
straightness and variations of thickness which in practice must exist in 
all struts. 

All compression struts, including longerons, are considered to be 
pin "jointed members for purposes of stressing, as although they may 
not be pin -jointed their fixings are not rigid. 

For long struts of uniform section where the length /radius of gyration 
is greater than 130, Euler’s formula — 

Buckling load, P == — ^ 

is sufficiently accurate. 

As, however, by far the greater number of struts have a IfK ratio 
of less than 130, it is necessary to use a much more complicated formula, 
due to Southwell, viz. — 


Limiting load P — pA 


pA 

dd ( /■«“ 1) 

^ ^ 2 ) 


where P = 

p = 

A = 

Vv ^ 
d = 


K = 
E = 
I = 
d = 


limiting load or load which makes the maximum stress 
equal to the yield stress 
limiting average stress 
area of cross-section 
yield point 

depth of section in plane of bending 
outside diameter of circular tube 
minimum radius of gyration of cross-section 
Young’s Modulus 
length of strut 

equivalent eccentricity '^f loading, due to crookedness of 
tube and eccentricity of the bore of the tube 


For tubular struts this equals 

I ^ Internal diameter 


600 


40 


This formula cannot be used directly for finding the size of a strut, 
but values of P or p may be found graphically or by trial and error. 

It is usual to draw a graph having p and l/K as ordinates. From tliis 
curves may be drawn for tubes of standard thickness and diameter 
with P and I as ordinates. 

Examples of these graphs and tube constants will be found in 
Appendix III. 


Example 1. Three steel tubes are required of lengths, 2 ft., 3 ft., and 
4 ft., to take compressive end loads of 8500 lb; each. If the steel used 
has a yield "stress of 40 tons/sq. in. and struts are to be 17 S.W.G. 
thick, find the diameter in each case. 
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Referring to the strut curves for 17 S.W.G. 40 yield stoel in Appendix 
III, the diameters may be found directly from the graphs. 

2 ft. strut requires li in. diam. 

3 ft. „ „ If in. „ 

4 ft. ff 99 ff ^n. »» 

Exampus 2. Find the diameters and weights of three 20 S.W.G. tubes, 
each 3 ft. 6 in. long and carrying a compressive load of 4400 lb. 

They are made up of (a) duralumin, (6) 28 ton yield steel, and (c) 45 
ton yield steel. 

Weight of steel == 0*283 Ib./cub. in. 

Weight of duralumin — 0*1 Ib./cub. in. 

Referring to Appendix III — 

(a) Diam. of duralumin strut 
Area 
Weight 


in. 

0*1655 sq. in. 

0*1655 X 42 X 0*283 
1*97 lb. 

(c) Diam. of 45 ton steel strut = If in. 

Area = 0*151 sq. in. 

Weight = 0*151 X 42 X 0*283 

= 1*795 lb. 

Example 3, A If in. diam. 24 S.W.G. tube is made in steel having a 
yield point of 65 tons/sq. in. 

Find the maximum compressive load it will withstand on a length 
of 25 in. 

Referring to Appendix III — 

K for If in. diam. 24 S.W.G. tube = 0*523. 

From graph — 

Limiting etress = 38 tons/sq. in. 

Area of tube = 0*102 sq. in. 

Limiting load = 38 X 0*102 
= 3*88 tons 
= 3*88 X 2240 
= 8700 l b. 

It should be noted that for a given load, any increase in length will 
mean an increase in area and weight, and that a short length with a 
big load may be the same area as a long length with a small load. This 
is an important consideration in determining the length of bays where 
a continuous member such as a longeron is used. 


(b) Diam. of 28 ton steel strut = 
Area = 

Weight «= 


== 2 in. 

— 0*222 sq. in. 

= 0*222 X 42 X 0*1 
= 0*932 lb. 
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Within limits increase in diameter of the tube will mean a decrease 
in weight. 

Comparing tubes made of 28 tons/sq. in. yield steel, requii'ed to carry 
a compressive load of 4000 lb. on a length of 50 in., the following results, 
showing a considerable save in weight with the larger diameters, may be 
found from Appendix III. 


Diameter 

Gauge 

Area 

Weight (Ib./ft.) 

If in. 

17 

0-232 

0-843 

li in. 

20 

0-166 

0-624 

Uin. 

22 

0-136 

0-533 


Choosing large diameters leads to a difficulty, inasmuch as the ratio 
of the diameter to thickness is getting large. Besides there being a 
commercial limit to the thinness of the walls, the strut will buckle 
before yield stress of the material is developed should diameter/thickness 
exceed 100, due to elastic instability. It follows, therefore, that when 
this limit is reached, any increase in diameter must be accompanied by 
a proportional increase in thickness, the weight increasing as the square 
of the diameter. 

The above may be demonstrated by taking two short cylinders of 
drawing paper, one of 2 in. diameter and the other 3 J in. diameter. Load 
them with small books, and it will be found that the 2 -in. diameter 
strut is stronger. 

These difficulties may be overcome by the use of high-grade steel 
strip, which after appropriate corrugation is assembled into tubular 
members as illustrated in Fig. 30 (5). 




Comparing a 36 in. length of the tube (Fig. 30 (a) ) of 46 tons/sq. in. 
yield, with the same length of the oorrugated specimen having a 
66 ton/sq. in, yield point, it is found that case (a) would faO under a 
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load of 2000 lb. while the built-up tube, although being 16 per cent 
lighter, would sustain a load of 2600 lb. before failure. 

Fig. 31 gives a comparison showing the increased stress a tube will 
stand with increased corrugation. 



Fig. 31 

Beams 

Any structure acted upon by forces oblique to its longitudinal axis 
is called a Beam. 

A beam has to withstand shear and bending. 

Shear 

The Shear force at any section of ^ beam is equal to the algebraic 
sum of the forces resolved normal to the beam on either side of the 
section considered. 

The shear stress varies across the section, being greatest at the neutral 
axis. 

FAz 

Maximum shear stress at any section = -jr- (See Chap. XI, Vol. III.) 

Jtl 

where F = shearing force at section considered 
I « moment of inertia of section 
A ss= area of section above neutral axis 
« = distance of centroid of half section A above neutral axis 
t = total thickness of web or webs at neutral axis 

If the beam is a braced structure such as a fuselage, or rib, the shear 
will be taken as tension and compression in the bracing members. 

Bending* The stresses due to bending are not directly dependent on 
the forces acting on the beam, but on the moments of these forces. 

The tendency for a beam to bend at any point due to the moments 
of the external forces is called the Bending Moment, .and must be 
resisted by an equal and opposite moment or couple exerted by the 
material of the beam at that section. This couple, called the Moment 
of Resistance) is formed by a tensile reaction on one side and a 
compressive reaction on the other side of the beam. 
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The Bending Moment is equal to the algebraic sum of the moments 
of all the forces on either side of the section considered.. 

The variation of bending moment and shear force on a beam may be 
shown by plotting values of bending moment and shear force along the 
length. 

Exampue 1 . Draw bending moment and shear force diagrams for the 
beam loaded as in Fig. 32. 

To find reactions iJj and JKa, take moments about A. 

4X6 + 9X4 + 16X6 - 12R^ = 0 

„ 24 + 36 + 96 

12 


4 + 6-13 


_ 

" 12 
== 13 

j = 6 + 

- 3 


Taking upward forces from the left positive, 


Shear forces between A and R = 3 tons. 

„ „ „ R „ C = 3 - 0 = - 3 tons. 

,, ,, C ,, R 3 — 6 — 4 = — 7 tons. 

„ „ „ R „ R = 3 ->6 - 4 + 13 = 6 tons. 
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Taking clockwise moments from the left positive, 

Bending moment at -4 — 0. 

„ „ B = 4 X 3 = 12 ft. tons. 

„ „ C = 9x3-5x6 = -3ft. tons. 

„ B — 12 X 3 - 8 X 6 - 3 X 4 = - 24 ft. tons. 

„ „ B = 16 X 3-12 X 6-7 X 4 -J- 4 X 13 = 0. 

As the bending moment is proportional to the distance, the diagram 
will be a straight line between the points of application of the load. 

Example 2. Draw the shear force and bending moment diagrams 
for the beam having a distributed load shown in Fig. 33. 



Total load = 20 X 50 
r= 1000 lb. 


To find Rf take moments at)out A, 


1000 X 10 - 6R = 
R = 


0 

10000 

6 

2000 lb. 


Shear force at extreme right = 0. This increases uniformly to 
-60 X 16 « -760 lb. at i2. 

At R it equals 2000 - 760 =» 1260 lb., and then decreases uniformly to 
000 lb. at A. 
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Bending moment at extreme right = 0. 

Bending moment at point 6 ft. from right 

= load on 6 ft. X distance of C.G. of load on 5 ft. from right 
= 6 X 60 X 2-5 
= 626 ft. -lb. 


At 10 ft. from right 

B.M. = 10 X 60 X 5 
= 2600 ft. -lb. 


At B, B.M. = 15 X 60 X 7 5 
= 6625 ft.-lb. 


At 18 ft. from right 

B^. = 18 X 60 X 9 - 2000 X 3 
= 8100 - 6000 
= 2100 f t.-lb. 

At A B.M. r* 20 X 60 X 10 -2000 X 6 

= 0 . 


Theory of Bending 

In dealing with simple bending, the following assumptions are made — 

1 . A plane cross-section at right angles to the plane of bending always 
remains in a plane. 

2. The Modulus of Elasticity of the material is the same for tension 
and compression. 

3. The material is free to expand or contract longitudinally and 
laterally as if it were made of separate layers. 



Fig. 34’ 
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4. The material obeys Hooke’s Law, i.e. the stress is proportional to 
the strain. 

It is important that these assumptions should be known, as in some 
cases, such as reinforced concrete beams, they do not hold good. They 
are, however, sufficiently accurate to be applied to all beams used in 
aircraft at the present time. 

Neutral Axis 

Referring to Fig. 34, let BD and CE be two parallel cross-sections of 
a beam, distance I apart. On bending they will no longer be parallel, 
BC having increased in length, and DE decreased. There must be a 
plane where the material remains the same; this plane NP is called 
the Neutral Plane, and its line of intersection with the cross-section 
of the beam is called the Neutral Axis {NA). This neutral axis passes 
through the centroid of the section. 

Stresses in Beams 

Let / — the max. stress in the material at the section considered 
y — the distance of the further outside of the section from the 
N.A. 

M = the bending moment at the section 
I = the moment of inertia of the ‘area of the section about the 
N.A. 

E = modulus of elasticity of the material 

B = radius of curvature of the* beam at the N.A. 

Consider the length of I on the neutral plane of the bent beam. At 
a distance y outwards it has increased to i -f d, and at a distance y, 
inwards it has decreased to Z - dj. 

If the section is symmetrical about N.A., 
y = Vi and d = dj 
BC NP 
CO ~ PO 


I -f d _ 

R y ~~ R 
Rl -f- Rd = Rl -}- yl 

Rd ^ yl t 

d ^ y 

I ” R 

d max. increase in length 

I ~~ original length 

Stress / 

or strain = ^ 


— max. strain. 


l_y f E ^ 

E ~ R°^ y ~ B 

Now consider a small element of area a, distance x from N.A., sub- 
jected to a stress of /i. / load\ 

The total force in this area = f^a ( stress ~ — r- ) and its moment 
about N.A. « f^ax, ^ 
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The total moment about N.A. = Moment of Resistance = the sum 
of the moments of all the elements of area which make up the whole 
cross-section == Ef-^ax. 

Moment of resistance = M. 

.*. M = Ef^ax, 

We may represent the variation of strain by the diagram in Fig. 35. 



The stress being proportional to the strain both for tension and com- 
pression, this diagram will also show the stress distribution. 

If FG represents /, then KH will represent /j. 

From similar triangles 

/_/. 

y * 

^ = 

X R 


and 

From above ^ 
Substituting for /i 


But 


R 

M = Efiox, 
f Sax\ 

ti 

Eax^ = J, 

E 


M 

I 


E 

B 


f 

y 


This is an important relation from which we get M — I sometimes 
written M = /Z, where Z is a constant depending on the shape and size 
of the section, called the Modulus of Section, and equal to 

The Effect of the Shape of the Section 

In Fig. 80 the strength of an “I** Section beam is compared with 
that of a rectangular one of equal area, weight, and depth, and the 
same material. * 
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The maximum stress, and therefore the stress distribution, is the same 
in each case. 

The internal force or load distributions over the sections are found 
by dividing the sections into small strips and finding the products of 
their respective areas and stresses. 

In this case the width of each strip is taken as 0-1 in. 

The area of each strip of the rectangle is therefore 01 sq, in. 

Load/Strip = Stress X Area of strip. 

This decreases uniformly from 1 ton tension at the top to zero at the 
centre and 1 ton compression at the bottom. 

In the *‘I*’ Section the areas will be 0*2 sq. in. in the flanges and 
0*06 sq. in. in the web. This gives the load distributions shown on the 
right. 

The total loads in each case are the product of the average load/strip 
and the number of strips, and may be assumed to act through the 
centroid of the load graph. 

Thus the rectangular beam has a resistance of 7*6 tons tension and 
compression acting at 2 in. from each other, and the moment of resistance 
will equal 2 X 7*6 = 16 in.-tons. 

Whilst the “I” beam gives resistance of 10 tons at 2J in., and its 
moment of resistance will equal 2J X 10 = 23J in.-tons. 

I.e. the “ I ” Section will withstand in.-tons extra bending moment. 

The above should make it clear that by putting the bulk of the 
material at a distance from the neutral axis where the stress is a 
maximum — 

(a) The total resisting force is increased. 

(b) The distance of its line of action is increased. 

(c) The moment of resistance is increased. 

(d) The strength/weight ratio is increased. 

In the same way it may be seen that by increasing the depth of a 
beam — 

(а) The total resisting force is unaltered. 

(б) The distance of its line of action is increased. 

(c) The moment of resistance is increased. 

(d) The strength/weight ratio is increased. 

Values of I and y for various standard sections, and a method of 
finding I for a rolled metal section, are given in Appendices I and II. 

Example. In the beam illustrated in Fig. 37, find the maximum 
stress due to bending and shear. Neglect the weight of the beam. 

Taking moments about A, 

6 X 1200 -f 14 X 800 - 20Ri = 0 

^ 7200 + 11200 

22 , = 


20 
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Fig. 37 

Shear force 

between A and B — 1080 lb., 

B and a 1080 - 1200 = - 120 lb., 

„ C and D 1080 - 1200 - 800 = - 920 lb. 
Draw the shear force diagram. 

Maximum shear force = 1080 lb. 

Shear stress = 

^==iX3i + ix3 

= li + li 

= 3J sq. in. 

To find z, take moments about the neutral axis. 

J X 4 X 2| + i X 2J X li ~3j2r = 0. 
6-5 4- 1*563 
* ” 3*26 

= 217 in. 



w -w 

12 

4 X 6»-3J X 6» 
12 


426-6 

12 


36*64 in.* 
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Substituting in above formula 

1080 X 3-25 X 2 17 


Max. shear stress == 


35-64 X 0-5 
— 42-9 Ib./sq. in. 


Bending moment at A = 0. 


J5 = 6 X 1080 = 6480 ft. -lb. 

C = 14 X 1080-8 X 1200 = 6520 ft.-lb. 


Draw bending moment diagram. 


Max. bending moment is at R = 6,480 ft.-lb. 

X 12in.-lb. 


X 12 X 3 
35-64 

= 6660 Ib./sq. in. 

Effect of End Load 

The spars of an aeroplane are not only subjected to bending by the 
lift reactions, but in addition have to bear heavy end loads due to the 
type of bracing used. 

The total stress will be equal to the stress due to bending plus the 
direct stress due to the end load 


6480 


y 


Max. stress due to bending / 


My 

I 

6480 


/ = 


P 

I ^ A 


where P = end load and A *= area of cross-section. 

The end load has the effect of increasing or decreasing the bending 
moment (M), depending on whether it is compression or tension. 

Referring to Fig. 38, case (a) shows a beam simply loaded at the 
centre ; the maximum bending moment wUl be at the centre and equal 



In case (6) let be the deflection at the centre. Then, taking moments 
on one side of the centre, the bending moment at this point 


Wl 


H“ P®i 


i.e. M has increased by 

Case (c) has a tensile end load, and in the same way 


M = 


. 4 


-Par, 


showing M has decreased by Pa;,. 

Xi is greater and ^a;, less than x, due to the increased and decreased 
bending moments respectively. ’ 




Fio. 39 
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The above results may be very easily illustrated by taking a long 
ruler loaded at the centre, and, using the hands as supports, first 
compress it and then put a pull in it. It will be seen that the deflection 
or strain, and therefore the bending stress, is increased in the first 
instance and decreased in the second. 

It will be seen from the foregoing that a beam with a compressive 
end load will have to be made much heavier than a similar one having 
a tensile or no end load. 

This is a very important consideration in determining the arrange- 
ment of bracing. 

The continuity of the spars and the end loads in them render the 
evaluation of the stresses and the reactions at the supports a too 
difficult mathematical operation for inclusion in this book. 

It may be noted by reference to Fig. 39 that a continuous beam will 
develop less deflection and therefore less stress, other things being equal, 
than a discontinuous one. 

Thin Metal Sections 

In order that spars and other beams and compression members made 
from metal strip may have a high strength/weight ratio, it is necessary — 

1. To have the bulk of metal as far as possible from the neutral axis. 

2 . Design the spar so that it will be elastically stable. 

The depth of a spar will depend on the wing section used. In order 
that it may pass inside the rib booms, it will have to be approximately 
1 in. less in depth than the aerofoil at the centre line of the spars. 

The farther away the material is from the neutral axis, the greater 
will be the moment of inertia, and therefore the greater its power of 
resisting bending and compression. 

For this reason the webs are often made of smaller gauge than the 
flanges, if by so doing the shear stress is not exceeded. 

The maximum stress will be at the parts farthest away from the 
neutral axis, and it will be necessary to take particular care to see that 
the member is elastically stable at these parts. 

Elastic Instability 

A member fails by elastic instability if, by the formation of a “wave ” 
or local buckle due to lack of rigidity, failure is caused before the elastic 
limit of the material is reached. 

This may be simply illustrated by taking two pieces of paper, folding 
one into a channel section, and corrugating the other as in Fig. 40 
(a) and (b). It is obvious that the least radius of gyration of the cor- 
rugated specimen is the smaller, and that, apart from elastic instability, 
this would fail at a smaller load. 

Press very lightly on the channel, and it will be found to form waves 
and fail. Do the same with the other piece, and it will be found to 
stand a comparatively large loa^. 

In the first case the failure takes place due to elastic instability, while 
in the second a much higher stress was reached, the member having been 
made more rigid due to the corrugations. 

If we refer back to the Euler formula for struts, we see that the 
strength of a long slender strut does not depend on the strength of the 
material used, but on its elasticity. Now E is practically the same for 
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all steels, so that in the case of a long slender strut, a high-tensile steel 
would be no stronger than mild steel. 

Take a block of rubber, about 1 ft. long and 2 in. X 1 in. cross-section, 
stand it on end and apply a load by the hand. It will be found to with- 
stand only a few pounds. Now think what a large load a similar strut 
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of a fairly weak wood will withstand, yet wood is not a very much » 
stronger material than rubber. Due to the very low value of E, the 
rubber deflected a Jot for a small load and this gave a large bending 
moment which increased with deflection more rapidly than the moment 
of resistance of the strut increased. The cause of failure of any slender 
strut is similar, and called elastic instability. 

The stress at which elastic instability occurs depends on the slender- 
ness of the strut and the Modulus of elasticity of its material. If elastic 



Fig. 40 {g) 

instability does not occur imtU the elastic limit of the material is 
reached, it does not matter, as the full working strength of the material 
will have been reached, but if it occurs below the elastic limit the full 
strength cannot be taken advantage of. 

Consider three struts 1, 2 and 3 made of materials giving the stress/ 
strain curves shown in . Pig. 40 {g). If the strut be such that elastic 
instability occurs at stress (a) struts 1, 2 and 3 will not develop the full 
strength of the material used. If elastic instability occurs at stress (b) 
strut 3 will be satisfactory, strut 2 will be slightly stronger, but will not 
take full advantage of its better material, whilst strut 1 will fail at the 
same load as strut 2 although made of stronger material. For strut 2 
to be satisfactory it must develop stress (c) before becoming elastically 
imstable, and strut 1 must develop stress (d) to take advantage of the 
strong material used. 

We may have a compression member which is not slender, when 
considered as a whole, but will still fail by’ elastic instability within the 

3~(A.900i) 
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Fig. 41. Compression Failure of Spar Flange by Elastic 
Instability 



Fig. 42. Wagner Beam under Shear 
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FIG./47 
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elastic limit, e.g. the channel section is not less slender than the corru- 
gated section Fig. 40, yet it failed first. 

Consider the thin steel strut Fig. 40 (c). By normal strength calcula- 
tions this will apparently withstand a much higher load than the actual 
buckhng load. Long before the calculated load is reached, the outside 
edge will bow independently of the rest (shown dotted), and become 
elastically unstable. This bow will spread and cause a crinkle which 
will make the strut fail at a low stress. 

If now the non-rigid portion is shortened (Fig. 40 (d)), the rigid part 
will prevent a single bow, but it will form the waves shown dotted ; each 
wave being in effect a small slender elastically unstable strut. If the 
non-rigid portion is further shortened the waves will get still shorter. 

Now imagine a portion the length of a wave cut out as in Fig. 40 (e), 
and we see it is an elastically unstable strut. As the waves get shorter 
these little “independent” struts become less slender, as the length- 
thickness ratio is getting smaller, until they become elastically stable. 
We see then that if the straight portion is sufficiently narrow, elastic 
instabihty will not occur. 

If instead of making the straight portion narrower, a small radius is 
put down the outer edge of the strut in Fig. 40 (d), elastic instability 
will not occur, as the previous waved parts now form stable struts 
(Fig. 40 (/)). 

From the above it will be seen that a thin metal strut or beam must 
be so corrugated that no portion can fail as a slender strut independently 
of the rest, if the full strength of the material is to be taken advantage of. 

Fig. 41 shows a spar flange forming into waves, due to the com- 
pression stress being that at which elastic instability occurs. If the 
stress is reduced the waves will disappear, but if increased the waves 
will spread and the spar fail. 

In order that a thin metal member may be elastically stable, special 
care must be taken in its design, especially in the spar flanges where 
the highest stresses occur. 

Although many of the following points do not arise where light alloys 
are used, due to the comparative thickness of the material used, they 
are very important where thin high-grade steel is concerned. 

Generally speaking, the following rules should be adhered to — 

No flat portion should exceed eighteen times the thickness of the metal. 

No radius should exceed thirty times the thickness. If two large 
radii are adjacent, there will be a “ flat ” where they join (Fig. 43 xx). 
This would have the same effect as too large a radius. It is therefore 
necessary at highly stressed parts to put a small radius next to a large 
one, as in Fig. 44. There must be .enough of the small radius or it will 
have the effect of a very large radius (Fig. 45). 

A flange may tend to flatten out under load ; this may increase 
radius/thickness ratio to over thirty. This must be prevented by some 
method such as that illustrated in Fig. 46 (a), where light tension strips 
are flxed between the flange and webs. 

Edges of metal should not be at points of high stress, as Fig. 47 (a) 
and (6), or the lip will fail independently of the rest of the spar. Under 
load it would form into a wave and crinkle, and this crinkle would 
spread across the spar, causing collapse at a stress considerably less 
than the yield stress of the material, (b) would be O.K. if it had small 
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radii at the lips as in (c). {d) will be all right aw the ends are at points 
of low stress. 

Wagner Beam 

It often happens that only a very thin web is required to take the 
shear forces in a beam, and as in aeronautical engineering we cannbt 
afford to waste weight, a thin web is often used. When such a beam is 
made up of two flanges joined by a thin deep plate web, as illustrated 
in Fig. 48 (c), it is called a Wagner beam. Such a beam cannot be 
treated for shear by the method given on page 42. 

Consider a square portion AR(7Z>, taken from the web of such a beam, 
Fig. 48 (tt), and let it be subjected to shear forces S on the faces AD 
and BC. It will be seen that it is not in equilibrium, and therefore 
there must be equal shear forces present on the faces AB and CD^ as 
shown. This illustrates a well-known principle, that whenever a shear 
stress exists in a body there must also exist an equal shear stress at 
right angles. 

Let the areas of the faces AB, BC, etc., equal a, then the shear stress 
- S/a. 

Now consider the forces on the diagonal AC, and wo see that the 
shear forces combine to subject AC to n tensile force S\^ 2. As the area 
at .d C is a V 2 the tensile stress a/cross A C is — 

S V2 S 

7 ^ = shear stress. 

aV a 

In the same way it may be shown that there is an equal compressive 
stress across the diagonal BD. 

When the web is thick these compressive and tensile stresses are 
withstood by the material, and ihe beam will only fail, by shear, when 
the ultimate shear stress of the material is reached. When, however, 
the web is thin it will be elastically unstable imder compression, and 
this will cause it to act in a similar manner to a braced girder. 

The braced girder, shown subjected to a load P in Fig. 48 (h), has 
compression and tension in its Qanges due to bending. The shear force 
in the first panel is resisted by tension in .4C and compression in BD. 
If however BD is a wire it will bow, taking practically no load. The 
structui'e will not collapse as AC keeps the frame rigid. Now consider 
the cross-bracing replaced by a thin plate web, and we have the Wagner 
beam, Fig. 48 (c). Shear now puts the web in tension across AC, and 
compression across BD. BD is elastically unstable, so the shear is 
resisted by tension across AC. The web will form waves as it cannot 
form a single bow, as did the bracing wire, due to the restriction of 
the flanges. These waves, illustrated in Fig. 42, are not a sign of 
failure ; they are elastic and disappear when the load is removed, as 
did the bow in the bracing of the girder. 

Stresses in Wagner Beams 

Consider the Wagner beam. Fig. 48 (d), to be divided in two by the 
section X~X. Apply the method of sections, given in Chapter II. The 
portion of beam to the right of X-X is in equilibrium under the applied 
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force P, the tension in the top flange the compression in the bottom 
flange tension in the web F^, 

= P/sin 45° = P V2 

d 

The length of web AB on which it acts = 

Taking moments about the bottom flange at X-X — 

F,.d 


Px - FA - 


Px- 


F, - 


2V2 


d 


PV2 


^ 0 

d 

Px 

~d 


2V2 

P 


2 V 2 

j, M S 

i.e. Ff = — 

d 2 

where M is the bending moment at the section, and S is the shearing 
force. 

In the same way — 


^ M S 
~d 2 


Stress in web 


area A-B 

PV2 

2P 
id 


id 

V2 


id sin 45° 

- 

td 


(where t ~~ thickness) 


If there are no stiffeners the flange will bow inwards due to the pull 
of the webs, as shown in Fig, 48 (e). To prevent this stiffeners are fitted 
as shown in Fig. 48 (c), also the end member BC must be stiff. 

Ff 

Maximum tensile stress in flange ~ ' 4^ 

wher(‘ A — cross-sectional area of flange and bending moment 

due to web tension at stiffeners. 

Treating the flanges as continuous beams over the stiffeners as 
supports and carrying a distributed load equal to the normal com- 

g 

ponent of the web tension, which equals - per unit length, the bending 

^ Sl^ 

moment is a maximum at the stiffeners and equal to where I ~ 


distance apart of stiffeners. 

Thus maximupi tensile stress in flange 


A V2.AZ 


F 

and maximum compressing stress in flange 

Exampus. Find the maximum stress in the web of a Wagner beam 
with a 10 in. deep and 0 028 in. thick web, when loaded as the beam in 
Fig. 32. 
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Maximum shear force =f 7 tons. 


Stress in web = 


Id 


2x7 

0-028 X 10 


~ 50 tons/sq. in. 


Torsion 

Consider the cylindrical bar (Mg. 48 (f) ), having a force P applied at 
a distance B from the axis oo at one end, and fixed at the other. 



There is a twisting moment or torque applied to it equal to PR, 
which must be resisted by an equal and opposite moment exerted by 
the material of the bar. This bar is said to be subjected to torsion. 

The strain is such that the section at the loaded end will make a small 
rotation relative to the fixed end. 

The line AB becomes A^B under load, and the angle A^BA is the 
shear strain at the surface. 

This strain, and consequently (from Hooke’s Law) the stress, will 
decrease uniformly from a maximum at the surface to zero at the axis, 
i.e. stress is proportional to distance from the centre. 

Consider an elementary ring of radius a;, and area aj, and let the stress 
at this radius be /i. 

Let / be the maximum torsional stress in the bar, i.e. the stress at 
the surface, and y the distance of the surface from the axis. 


Then 


/i ^ 

y 


A 


y 


The force in the elementary ring = /lOi 


Moment of resistance of elementary ring 
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Total moment of resistance — sum of moments of resistance of all 
elementary rings making up the whole cross-section 

= - iTrfa:* 

y 

But Zax^ — moment of inertia of section about axis oo. 

■/ 

Therefore moment of resistance = - loo — Pi? = torque. 


For a solid cylindrical bar loo 




and 

where D = diameter. 
Therefore . 

For a tube — 


32 
D 

*/= 2 


torque = = 


loo = 22 


where D == outside diameter, 
d — internal diameter. 


Therefore 


torque ^ L^{D* - d*) 


7T ^iD*-d*) 


16*^ 




Example. The control lever on an aileron spar is 9 in. from centre 
line of control cable to centre of spar, and the load in the cable is 
400 lb. 

If the spar is a steel tube of 2 in. diameter and 0*08 in. thick, find 
the torsional stress in the spar. 


PR 


/ = 


(D^-d*) 

16'' D 
PR X 16 X P 
7r(P* - d*) 

400 X 0 X 16 X 
- 71(2* -1*84*) 

-1 X ^ X X 
TT X 4*63 
= 8100 llv/sq. in. 
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THE STRUCTURE 


The Main Planes 

There are very few wings of the girder construction, shown in Fig. 49, 
on modern aircraft, but a great many are still in use. 

The main members are the front and rear spars A apd B, which are 
beams carrying distributed and end loads. If, as in the example, it is 
the wing of a biplane, attached to the spars are the interplane struts, 
flying and landing wires or struts, thus forming the “vertical” frames. 

In the plane of the wing a complete frame is formed by means of the 
two spars together with the drag bracing D and the drag struts O. The 
struts run from front to rear and may either take the form of a metal 
tube, called a Drag Strut, as in the figure, or be a stiff member shaped 
to the form of the aerofoil, called a Compression Rib. This latter will be 
of the form of an ordinary rib specially strengthened between the spars 
to resist compression. 

An advantage of compression ribs over drag struts is that they are 
able to support the spars against twisting. 

The leading and trailing edges E and F are usually of tubular form ; 
they support and keep the correct shape of the skin. 

End ribs G and H must be specially strengthened in the horizontal 
plane to resist the pull of the fabric. 

Where the wing is cut away for the aileron a special “False Spar” L is 
put to keep the shape of the wing at this point. This does not carry the 
aileron hinges. The aileron is carried by specially strengthened ribs K. 

The fabric or skin is attached to the ribs by means of string stitching. 

The function of the ribs is to keep the shape of the wing and to receive 
the air loads from the skin and transfer them to the spars. 

They are beams carrying varying distributed loads from the air 
reaction and end loads due to the pull of the fabric. 

In order to take the large loads between the front spar and leading 
edge, and to keep the shape at the most important part of the aerol’oil, 
extra short ribs, called Nose Ribs (Fig. 49 (M ) ), are fitted at this part 
of the wing. 

Most modern wings are of stressed-skin construction, and the design 
of these is so varied that only a few examples can be given here. It 
normally takes the form of a “box’^ beam. There are two main types: 
those with concentrated flanges and those with distributed flanges. 
Fig. 49 (a) shows an example of the concentrated flange type. The 
shear due to bending is taken by the spar webs, and if of the Wagner 
beam type we may expect them to form elastic instability waves under 
load. The shear due to torsion is taken by the top and bottom skin 
and the spar webs. Thus in flight, we may expect to see the skin form 
elastic instability waves. Stiff end ribs are used to give torsional 
stiffness, .and intermediate ribs, whilst helping, mainly act as formers 
and give rigidity to the nose and tail portions. The end loans, due to 
bending, are mainly absorbed by the spar flanges. Pig. 49 (6) shows an 
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example of the distributed flange type. The difference from the concen- 
trated flange type is thaf the end loads are taken by the reinforced skin. 

The early Bristol type given in Pig. 49 (c) may either be said to be an 
example of a multi-spar wing or the wing as a whole can be considered 
as a single spar. As will be seen, the structure is made up of rolled steel 
N girders, braced in the horizontal plane by the duralumin skin. The 
corrugated booms are laminated, the number of laminations increasing 
with the end loads towards the wing root. 

The skin increases the strength of the booms, and acts as bracing 
to take shear and torsion. 



Fig. 49 (d) shows the structure and the simplicity of the joints in 
greater detail. 

Fig. 50 shows details of the Blenheim wing construction, an example 
of concentrated flanges. The two spars have steel flanges and Alclad 
webs and arc the Wagner type of beam. The skin, ribs, and stiffeners 
are also of Alclad. The root end fitting looks very solid, but it has to 
be able to take about 60 tons thrust in the pins. The ribs being stiff in 
torsion and the spars in flexure prevent any liability to flutter. 

The Ensign wing construction is shown in Fig. 50 (a). The monospar 
is of light alloy, its corrugated flanges giving it a high resistance to 
compression and bending, while the small internal bracing tubes make 
it stiff in torsion. This is an example of distributed flanges. 

The front and rear portions of the ribs are attached to the spar, which 
itself forms the centre portion. The covering is of light alloy, except 
aft of the spar, where fabric is employed. 

An advantage of having it metal-covered in front and fabric-covered 
towards the rear is that it helps to mass-balance the wing. The necessity 
for getting the wing weight forward will become more important as 
higher speeds are obtained, giving increased tendency to flutter. 

It may be noted here that metal-covered controls tend to bring their 
mass aft, making it more difficult to mass-balance them. This is one 
reason why many metal-covered aeroplanes stfll use fabric-covered 
controls. ♦ 
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( From ' ‘ A ircraft Production ’ ’ ) 

Fig. 60. Structural Details of the “Blenheim” 


Fig. 50 (6) shows the Battle wing. It is constructed mainly of duralu- 
min. Most of the stringers are extrusions, and the spai* flanges at the 
root are built up of three steel plates, on each side of which are channel- 
section extruded duralumin members, and then four more steel side 
plates. Near the root the flanges are braced together, but this gives 
place to duralumin webs towards the tip. From the root outwards the 
number of plates and flanges are decreased and the inner flange of the 
extruded channel is cut off. The ribs are pressed from duralumin sheet. 
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FLEXIBIIJTY PROBLEMS* 

In considering flexibility, the following terms will be used— 
Semi-rigid Wing. A wing that distorts so that straight lines in the 
direction of the span remain straight, flexure occurring only at the root. 
A conception used for simplifl cation. 

Flexural Centre. The point in the section of a wing where, if a force 
be applied, flexure occurs without twist. 

Centre of Independence. A point in an aerofoil section, at about J 



Fig. 50 (a) courtesy of '^Plight ”) 


chord from leading edge, where the moment of the aerodynamic forces 
is constant with angle of attack. 

Consider a portion of a wing supported by a rod (Fig. 61). A is the 
flexural centre. It is obvious that a force applied at any other point 
will twist the wing. Let Zj be the component of the aerodynamic reac- 
tions normal to the chord, and Zg the normal component at an increased 
angle of attack. Then, if Zj^i — Zgttj, A is also the centre of independ- 
ence. The supporting rod will apply a resisting torque, and any change 
in angle of attack (other things being equal) will not change this torque, 
and therefore will not further twist the wing. 

Wing Twist 

By normal methods of stress analysis it is assumed that the con- 
figuration of the structure is the same in the stressed and unstressed 
conditions. Actually, due to straining, this is not true, but the changes 
are normally so slight as to be negligible. A wing structure is compara- 
tively flexible, and, although this flexibility would not normally affect 
the stress analysis, the change in aerodynamic loads from this cause 
would. If we plot a graph connecting wing twist and applied torque, 
we will get a curve of the form shown by ABC in Fig. 61 (a), B being the 
elastic limit. 

Consider a section of an unstrained semi-rigid wing in air flow of 
velocity V and angle of attack a. Let aerodynamic moment about the 

* For fuller explanation, see Journal of Royal Aeronautical Society ^ Sept., 1033, 
and Feb., 1934. 
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flexural centre (— applied torque) be represented by M on the graph. 
Let be the angle of attack at which there is no aerodynamic moment 
about the flexural centre. We may assume that aerodynamic couple 



and angle of twist give a linear law, then MDV is the graph connecting 
them. 

As we assumed the wing was xmstrained at angle of attack a, there will 
be no resisting torque, and the wing will twist until the elastic resisting 
torque is equal to the applied -a/erodynamic couple. Point D shows 
where equilibrium is obtained, i.e. the section will twist through angle 0 
to angle of attack y. The above is illustrated diagrammaticaUy in Pig, 
61 ( 5 ). 
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Increase the speed, and the aerodynamic couples will be increased 
for a gfiven angle of attack. If the speed is such that the aerodynamic 
couple curve Fj cuts above B, a permanent set will result. In- 

crease the speed still further to Fj, where the couple curves never cut, 
and the wing will twist until failure occurs. The lowest speed at which 
this occurs is called the divergence speed. Such a speed on a very flex- 
ible wing may be reached in high-speed flight. 



Effect on Lateral Control 

When the ailerons are moved, a moment is produced about the flex- 
ural axis which twists the wing in such a way as to reduce the aero- 
dynamic forces brought into action, e.g. if aileron moves up, aerodyna- 
mic force at the rear of the wing is downwards, giving a nose-up moment 
about the flexural axis. Thus the angle of attack is increased, so pro- 
ducing an increased upward reaction, which may, if the wing is not 
sufficiently stiff in torsion, produce an actual reversal of control. The 
speed at which this occurs is called the reversal speed. 

FLUTTER 


Wing Disturbed in Flexure 

If a wing whose centre of mass does not coincide with its flexural 
centre is displaced flexurally without twist in still air and released, 
twist will occur due to the inertia forces, e.g. if the centre of mass is 
behind the flexmal centre and the wing is accelerating downwards, the 
inertia acting at the centre of mass wiU twist the wing nose-down. The 
resultant flexural and torsional oscillations will be damped out as the 
wing does work against the air. If, however, the wing is in an air stream, 
the change in angle of attack due to twist and speed of flexure will bring 
into play aerodynamic forces which may increase the oscillations. 

Consider a wing in an air stream moving downwards in flexure. The 
angle of attack wiU be increased, due to the downward velocity of the 
wing, thus giving an increased aerodynamic reaction, which wiU exert 
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an increased twisting moment about the centre of flexure unless the 
centre of independence and flexural centre coincide. This is reversed 
when the flexural velocity is upwards, so giving rise to a torsional oscilla- 
tion. The inertia forces due to the torsional oscillation may give rise 
to a flexural movement, thus renewing the initial condition. So a cycle 
is set up involving a flow of energy from the air to the wing. 

If the air speed is sufYlcient for the increased reactions to overcome 
the damping effect of the air, the oscillations will increase in amplitude 
until fracture occurs. This phenomenon is called flutter. 



Wing Disturbed in Torsion 

Now consider a wing initially disturbed in torsion. The twist changes 
the angle of attack, giving rise to an increased aerodynamic reaction 
below the stall, if the twist is nose-up. This in turn tends to flex the wing 
upwards, or downwards when the twist is nose-down, giving rise to 
flexural oscillations. Inertia will, if the centre of mass does not coincide 
with the flexural centre, twist the wing as previously described, thus 
completing the cycle. 

Prevention of Flutter 

We have seen how flutter is brought about by cycles : Flexure — Tor- 
sion — Flexure, or Torsion — Flexure — Torsion. If we can destroy a 
link in each of these cycles, we can prevent flutter. 

We may prevent flexural motion giving rise to torsional motion due 
to inertia by distributing the mass of the structure so that at any section 
the flexural centre and centre of mass coincide. This, however, is not 
practical, but we can get the same effect on a semi-rigid wing if Hmxy = 
0. That is to say, if the whole mass of the wing be split up into a number 
of very small masses, and each small mass m multiplied by its distance x 
behind the flexural axis and its distance y from the wing root, the sum 
of the products mxy of all the small masses of the wing must be zero. 
This is called mass balance. 

This is represented diagrammaticaUy in Fig. 62. Consider the rod 
A BCD hinged at A and accelerating downwards. Mass m i will exert an 
inertia force upwards where Oi is tacceler^tion at C. This gives 

an anti-clockwise torque Now add mass As A BCD flexes 
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only at A (semi-rigid wing), acceleration of mg — CLiyJVv its clock- 
wise torque — 

In the same way tdrque of mj = . yjy^* 

To prevent twist — 

-f mga^a^i 4- m^x^Ui yjy^ = 0 
i.e. ajy^ {tn^x^y^ + m^^yi + = 0 

or 27 mxy — 0 

(Note X 2 and x^ are negative.) 

It will be seen that a mass near the tip will have a greater effect than 
one near the root where y is small. 

Flutter would be absolutely prevented if now we could stop flexural 
motion giving rise to torsional motion, due to aerodynamic reactions. 

This means designing a wing with the flexural centre coinciding with 
the centre of independence, which it is difficult to do, so it is left to 
reduce the effect of the aerodynamic reaction by increasing the wing 
stiffness, and thus increasing the speed/at which flutter will occur. 

Effect of Control Surfaces 

So far we have neglected the effect of ailerons, but they will have 
no effect if they behave as though locked to the wing. This may be 
brought about by irreversible control, which at the moment is not 
practicable. 

A partial solution is given by — 

(1) Arranging the mass so that Emxy is slightly negative {x is dis- 
tance behind hinge line for controls). This negative value of ILynxy 
causes the aileron to be deflected when the wing is accelerating in 
flexure downwards. This gives a tendency for increased lift, which 
tends to coimteract a reduction of lift caused by the inertia of the 
wing twisting it nose down, 

(2) Making the moment of inertia about the hinge axis as small as 
possible. 

(3) Elimination of slack in the cables. 

Flutter may also occur in tail units, and the above considerations 
also apply there. 

Modem Tendencies 

Wing-aileron flutter has been controlled by mass balance, etc., since 
about 1930, but now there is the choice between increased wing stiffness 
or wing mass-balance to overcome the increased tendency to wing 
flutter and aileron reversal, due to modern high speeds and wing 
loadings. 

Increased wing stiffness wotild mean either a stiffer type of structure 
such as geodetic, increased skin thickness, or stronger ribs, resulting in 
increased weight, or reduced aspect ratio and/or increased depth of 
wing, giving less aerodynamic efficiency. For a stressed skin wing the 
speed at which flutter occurs roughly varies inversely with aspect 
ratio, and directly as the thickness-chord ratio. 

Mass balancing, by disposing the wing structure weight forward, or 
by the rearrangement of wing engine position, may be more efficient, 
though ^ome increased torsional stiffness may be required to prevent 
aileron reversal. Taper helps to increase the reversal speed. 
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Fuselage 

The most common type of fuselage used in tlie past was a huilt-up 
girder. Four longitudinal members, called Longerons, are braced 
by a system of panels made up of vertical and horizontal struts bracc^d 



Pig. 63 {b) 


together by either cross- wires or a diagonal strut, the whole forming 
^ beam supported by the wings in flight and by the chassis and tail-skid 
in landing. An example, by Hawkers, is shown in Fig. 53 (a). 

In order to reduce head resistance, the fuselage is made as near a 
streamline shape as is pra-cticable. This is done by attaching a light 
structure, called a Fairing, over the main structure. This fairing is 
solely to give shape, and does not increase the strength. 
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A type of fuselage which was first tried for stressed skin construction 
was the Monocoque. It consists of a thin cylindrical shell stiffened 
with transverse formers. There are no bracing wires or longerons, so 
that the skin must withstand all the loads, which are bending and 



{By courtety of the Bristol Aeroplane Co, Ltd.) 
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shear. light longitudinal members are riveted to the skin between the 
formers in order to stiffen the skin and so increase the stress at which 
elastic instability occurs. 

Advantages of monocoque construction are : the whole of the struc- 
ture being in the skin a very roomy fuselage is obtained) also a good 
streamlined shape and smooth surface are obtained* thus reducing drag. 

The utilization of the skin for taking the load would at first appear 
to result in a big reduction in weight, an A this would be so if the skin 
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developed its full compressive stress. Considering elastic instability, 
we have seen that, in order to develop the full stress of the material, 
the diameter-thickness ratio must not exceed 100. Thus a 2 ft. 
diameter fuselage would have to have a J in. thick skin. It follows, 
therefore, that with thin skin failure takes place, due to elastic instability 
at a very low stress. This stress depends mostly on the tliickness of the 
skin and the number of longitudinal stiffeners, and is usually in the 
order of 6 tons/sq. in. 

As the strength is independent of the strength of material used, we 



thickness of wall to give stability under all required loads, and at the 
same time keep the structure light. Thus light alloy or plywood is 
preferable to steel. 

De Havilland use the very light balsa wood, sandwiched between 
plywood to give thickness, so giving niuch extra strength with little 
increase in weight. 

A good example of monocoque construction is the Kellner-Bechereau 
fuselage shown in Fig. 63 (b). 

The type of construction in greatest use to-day is the semi-monocoque. 
It enables a thinner skin to be used efficiently. An example due to the 
Bristol Aeroplane Co. is shown in Fig. 54. It will be seen that it consists 
of a framework of longitudinal and transverse stringers, to which is 
riveted the thin skin. 

The stringers, helped by the skin in their vicinity, support the com- 
pressive and tensile loads, which occur due to bending. Shear loads and 
torsion will tend to distort the panels, and as these are braced by the 
skin, they will put tensile and compressive stresses in the skin diagonally 
across the panel. Consider a wire braced panel, Fig. 66 (a). Under the 
shear force P the wire AI) will be in .tension, whilst CB will slacken off, 
being imable to resist compression ; it will in fact be elastically unstable. 
The thin skin braced panel, Pig. 56 (6), will similarly be in tension 
across AD, and in compression across CB; the skin across CB being 
elastically unstable. The skin being riveted to the frame cannot bow in 
one curve as did the wire, but will buckle into the usual waves t 3 T)ical 
of elastic instability, at very low values of P. The load is then taken 
entirely by tension across AD. See also Fig. 42. 

The stress should not exceed that at which the waves become per- 
manent, although the structure may be still safe under that condition, 






Fig. 67 (c) 
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Too S' wave may have a detrimental effect on the stringers, helping 
to buckle them under compression. 

If the transverse stringers or rings are weak, the structure will deform 
on the compression side as shown in Fig, 66 {a), the rings deforming as 
shown in Fig. 56 (6) and the longitudinal stringers as Fig. 50 (c) (1). 



If the rings are stiffened, the stringers will be unable to deform in a single 
bow, but will deform as in Fig. 56 (c) (2), (3), or (4), depending on the 
stiffness of the rings. Thus it will be seen that by stiffening the rings 
we shorten the effective length of the stringers as struts in compression, 
and so decrease their elastic instability. 

Geodetic Constructioii 

This type of construction is used by Vickers on their fuselages and 
wings. It gives great torsional stiffness, allowing a high aspect ratio to 
be used on the wings, without the tendency to flutter or aileron reversal 
which would occur on other types of construction at high aspect ratios. 

Take a cardboard cylinder (Pig. 57) and stretch a thread round it, so 
that between any two l)oints A and B it has taken the shortest distance. 
Repeat with other threads in the same direction, and again in the reverse 
direction. Now replace the threads by wires, and add four longitudinal 
wires. Solder all points where wires cross, and remove the cardboard. 
The result is a model of a geodetic fuselage. 

Apply a torque, or shearing force, and the wires in one direction will 
be in tension, while those crossing them will be in compression. Con- 
sider the length of wire AB to be in compression. As it is initially 
bowed, it would by itself take little load, but as it is crossed by three 
wires carrying an equal tensile load, the tendency for AB to bow 
further at the joints is counteracted by an equal tendency of the tensile 
wires to straighten. Thus the points at which the geodesics cross are 
fixed. 

Consider the geodesic A-B initially bowed, but for simplification we 
will consider it all in one plane, as Pig. 67 (a). Let points 0, D and E 
be the fixed points where the other geodesics cross A-B. If A-B was 
a straight member it would deflect under compression, as shown by 
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the chain-dotted line, but as it is already bowed it can only deflect in 
its initial direction (analogous to a knee joint), as shown by the dotted 
lines. That is each portion between joints acts as a rigidly fixed strut, 
or a pinjointed strut of half the length of the unsupported portion. 
This means that the shortening of A-B will be comparatively small, mak- 
ing the structiire stiff in torsion in relation to the weight of material used. 

Fig. 57 (&) shows a top and side of a portion of the Wellington fuselage. 
The geodesics are broken at the longerons for ease of construction, but as 
the unsupported lengths of the longerons are very short, the resultant 
bending moment in them is small. The longerons take the tension and 
compression due to bending, and the geodesics shear and torsion, while 
they also support the longerons against buckling. Fig. 67 (c) shows the 



form of the geodesics, and the way they are fixed to each other at the 
cross-over joints. This figure also shows how the fabric is attached and 
prevented from chafing against the structure. Fig. 57 (d) illustrates 
the attachment of the fabric to the wings. 

The Undercarriage 

The undercarriage in conjunction with the tail skid has to absorb and 
dissipate the shock (i.e. kinetic energy) on landing and form a carriage 
to enable the aeroplane to taxy easily over the ground. 

Although undercarriages vary in arrangement, essentially they are 
comprised of wheels, axle, shock absorbers, and bracing. The most 
simple arrangement is shown diagrammatically in Fig. 58, 

The cross bracing wires CB^ and CiB are in the plane of the radius 
rods BC and BiC^ which must be free to rotate about C and Cj respec- 
tively, as the shock absorbers AB and A^Bi vary in length. 

The landing loads on the machine will decrease as the give of the 
shock absorbers increases. 

There are several types of shock absorbers. A type which was in 
common use during the 1914-1918 war consists of a vee-strut connected 
to the axle by means of shock absorber cord bound round with an 
initial tension. On landing the cord will stretch, thus reducing the shock. 

Another and later method uses coiled steel springs. As, however, these 
will absorb the energy of the shock, but only dissipate it to a small 
extent, a vibration damper must be used. This usually consists of an 
oil dashpot, c^ed an Oleo Leg, a diagrammatic sketch of which is shown 
in Fig. 59. It consists of two telescopic tubes A and J5, the upper one 
attached to the body and the lower outer one to the axle. In flight 
the leg is extended, all the oil being contained in the bottom tube. 
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When the machine strikes the ground the oil passes through the small 
holes C into the upper tube. If the impact force is such that it exceeds 
a certain figure, the pressure of the oil will raise the spring-loaded valve 
Z), thus providing an additional passage. By this means the maximum 
landing load is regulated by the valve spring tised, unless the landing 





Fig. 69 


Fig. 60 




is so bad that the whole of the travel is taken up. On the return stroke 
the valve will be closed and the oil must return through the holes C, thus 
preventing bounce. In addition to the oil gear, spiral springs are provided 
to carry the weight of the aeroplane when running along the ground, and 
to re-extend the leg. The energy absorbed by the spring is dissipated 
on the return stroke, by the oil having to again pass through holes C. 

A modification of this type, wluch has the advahtage of lightness, is 
the Oleo-pneumatic Leg. In this there is no spring and the chamber A 
(Fig. 69), which is airtight, contains air ah an initial pressure sufficient 
to sut)port the aeroplane when standing on the ground. As the oil is 
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forced through the valve, under any increased load, the air is further 
compressed, thus increasing the load required to compress the leg as 
it approaches its maximum travel. On any reduction of the load the 
air will force the oil back through the valve. 

Another type makes use of rubber blocks in compression. A sketch 
of an undercarriage leg, showing the arrangements of the various 
components, is shown in Fig. 60. 

The rubber A is moulded in one piece through the holes in the 
stabilizing plate R. To enable the rubbers to spread easily under load, 
a separate plate C is placed between each rubber. 

As the load is applied it is transferred by the flanges D and E to the 
rubbers, which deflect and allow the tube F to slide in the tube G ; at 
the same time the tube H will move freely tlirough the flange D. The 
rubbers K act as a buffer on the return stroke. 

Compression rubbers will dissipate the energy absorbed better than 
springs and tension rubber, and may therefore be used without a 
damping device. 

An oleo leg is, however, often included to decrease the tendency of 
the machine to bounce. 

The stress in the rubber should not exceed 250 lb. per square inch, or 
it will lose a portion of its elastic properties. Below this stress its life 
should be about two years. 

In all undercarriage systems a large proportion of the shock is 
absorbed by the pneumatic tyres. 

In a recent type of undercarriage the shock-absorbing device is 
incorporated in the wheel hub, and may be of the oleo-spring or oleo- 
pneumatic types. An advantage of this type of wheel is the low weight, 
and the reduction of drag, due to the simple mounting. 

An example of a Dowty internally-sprung wheel for cantilever mount- 
ing is shown in Fig. 61 (a). The axle is fitted to the socket on the shock- 
absorbing unit, but the wheel obvious\y rotates about its centre, on the 
large diameter bearing. 

Retractable Undercarriage 

Largely due to the necessity of greater reduction of drag with increas- 
ing speeds, retractable undercarriages are becoming generally used to get 
rid of the high parasitic drag of this unit. At the same time the use 
of thick cantilever monoplane wings has provided an easy storage for 
the retracted unit. 

The following are the main design requirements for efficient retrac- 
tion — 

1. Housing in wings or fuselage should be closed by doors or fairing 
after retraction. 

2. The undercarriage must be raised and lowered with reasonable 
speed (about 30 secs. ) and without undue exertion on the part of the pilot. 

3. Position locks must be provided to hold the undercarriage in the 
landing position. 

4. An indicator on the dashboard should show when the under- 
carriage is locked in the landing position, and when fully retracted. 

6. ^ audible indicator should be arranged to sound, if the under- 
carriage is not locked for landing, when the throttle is less than^ one- 
third open. 
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6. Where power-operated mechanism is used an additional manually- 
operated gear should be provided, in case of failure. 

Fig. 61 (6) shows a Dowty system of retraction. The folding strut is 
hinged at A and folded due to the extension of the hydraulic jacks B. 



Fig. Cl (a) 


Wlien retracted the housing is faired by £>. There is a radius rod, not 
shown, in the plane of the shock-absorbing leg C. 

Hydraulic Systems 

Retractable undercarriages, flax>s, etc., are usually worked by means 
of hydraulic pressure. The propeiiy of a fluid to transmit pressure 
equally in all directions is what makes it so suitable for transmitting 
power from a single source to remote units, which would otherwise 
require complicated and heavy gearing. 

The simplest hydraulic machine is the hydraulic jack, shown diagram- 
matically in Fig. 61 (c). A force / on the plimger P applies a pressure 
to the fluid equal to f/a, where a is thpe cross-sectional area of the 
plunger. This pressure is transmitted equally throughout the fluid. 
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so that the fluid exerts a pressure on the ram R equal to f/a. If A 
is the cross-sectional area of the ram, the lifting force F on the ram 
— pressure x area 



Thus f6r a given eflFort .the load lifted depends on the relative areas 
of the ram and plimger. 

One stroke of the plimger would not lift tlie ram very far, so a 
reservoir S is proyidedj and the plunger pumps fluid from the rest^rvoir 



and delivers it imder pressure to the ram. To lower the ram the valve 
V is opened, permitting the fluid to return to the reservoir. 

The essential difference between the jack used for aircraft and the 
lifting jack is that the former must be moved by hydraulic pressure 
in both directions. The minimum essentials for working such a jack 
are shown in Fig. 61 {d). 

With the control valve V in the position shown, the hand pump P 
drives fluid under pressure into the lower cylinder of the jack, forcing 
the ram upwards. The fluid from the upper cylinder passes through 
the low pressure pipe line and filter to supply fluid to the pump. As 
the lower cylinder has a greater capacity than the upper cylinder, due 
to the ram-rod, extra fluid is required during the upward stroke. This 
is supplied from the reservoir S, 

For the downward stroke the control valve V is turned through 90°. 

The fluid used in aircraft systems is a mixture of alcohol and castor 
oil, which has the advantage of lubricating the system, whilst it 
does not freeze nor vaporize at the temperatures met with in 
practice. 

A complete system for working the imdercarriage and flap jacks is 
shown in Fig. 61 (e). Only one of each pair of jacks is shown for 
simplicity. The engine driven pump delivers fluid continuously, while 
the engine is running, to the automatic eut-out valve which normally 
allows the fltud to flow back to the reservoir, via the filter, at low 
pressure. Under this condition the pump is idling and little power is 
required to run it. A diagram of the cut-out valve tmder this condition, 
is shown ^ Fig. 61 ( /). * 

4— (A.9001) 
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To Pipe B 


To work the undercarriage, jack pipe R, containing fluid at high 
pressure, is connected to pipe E, and pipe F is connected to the return 
pipe D by means of the distributor valve, worked from the lever 
control box in the cockpit. The ram starts to move, causing a drop 
of pressure in the pipe R, which allows the spring S of the cut-out 
valve to lower the piston P, thereby allowing the valve V to seat 
and close the line from the pump to the reservoir. The pressure 
of the fluid from the 
pump ‘ will rise, open 
the non-return valve 
iV, and fluid will be V ^ 

delivered under pres- / 

sure to pipe line R, as y / y / 

shown in Fig. 61 (fir), y r r / - / ' . 

When the under- ► 

carriage jack ram has 
reached the limit of its 
travel pressure will in- 
crease in the pipe line lilHH 

R and on the base of the 
cut-out valve piston P, 
forcing it up against 

the spring R. The $. * 

valve V is then lifted 
by P, allowing fluid 
to escape to the reser- 
voir, whilst the non- 
return valve N closes, 
keeping up the pressure 
in the pipe B, but Pig gj 

allowing the pump to 
idle. 

For the return stroke of the ram the distributor valve is moved to 
connect pipe lines P to R and E to D, the cut-out valve functioning 
as before. 

After each operation the control lever is returned to neutral. This 


Low Pressure 
High Pressure 


locks the fluid in the pipe lines on the jack side of the distributor valve. 
To prevent rmdue pressure occurring in these pipe lines due to thermal 
expansion of the fluid resulting from change of temperature, an auto- 
matic relief valve is incorporated in the distributor unit. 

When the undercarriage falls by its own weight, for part of its travel 
fluid will be forced out of the lower end of the jack, but the pump will 
not supply fluid fast enough to keep full the lower cylinder, with the 
result that the fluid will vaporize, causing a partial vacuum above the 
ram. - To avoid the time lag required to fill the upper cylinder before 
further lowering of the undercarriage can take place, a short circuiting 
valve is often used to connect line R to P for the period during which 
the imdercarriage falls under gravity, so that the upper cylinder is 
kept filled by the fluid forced from the lower cylinder. 

The hand pump is provided as a standby in the event of the failure 
of the engine, and so of the engine pump. The non-return valve incor^ 
porated in the cut-out valve prevents the fluid leaking back to the 
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reservoir via the engine punip, when t he hand pump 
is in use. Systems not using an automatic cut-out 
valve must fit a relief valve in the same position in 
the circuit, so that when the rams have reached the 
limit of their travel excessive pressures will not 
be built up. A non-return valve must also be placed 
between the hand and engine pump. Idling can be 
obtained by connecting pipe lines B and jD by the 
distributor valve when the control lever is in the 
neutral position. 

To lower the flaps pipe B is connected to pipe A 
and B to (7, to return the flaps C and B and A and 
D are connected. In order that excessive loads will 
not be put upon the wings in the event of the air- 
craft being dived with the flaps down, either a relief 
valve must be fitted to connect A to C when the 
pressme rises, due to the load on the flaps, above a 
certain limit, or a hydraulic accumulator must be 
fitted to pipe line A. The hydraulic acciunulator 
consists of a cylinder open at one end to pipe A, 
and containing ccfmpressed air at the other end ; 
the two ends being separated by a floating piston. 
Any excess force on the flaps increases the pressure 
in pipe A, and on the base of the floating piston 
sufficient to raise it against the air pressme. As 
a result fluid flows from the flap jack into the 
accumulator, raising the flaps and decreasing the 
force on them. When the load on the flaps is reduced 
the compressed airforces the fluid back into the jack, 
returning the flaps to their original position. This 
method is an advantage over the relief valve, which 
leaves it to the pilot to again lower the flaps by 
the use of the control lever. This is annoying in 
gusty weather, which may be continually -over- 
loading the flaps. 

An emergency extension device often used to 
permit the imdercarriage to be lowered should the 
hydraulic system fail, consists of a bottle of com- 
pressed air. When the air is released it flows into 
the upper cylinders 9f the jacks, extending the 
undercarriage. 

Another device with the same end in view, 
but with the added advantage of negligible increase 
in weight, is illustrated in Fig. 01 (A). It consists 
of a hydraulic jack, normally used for retraction, 
having a central chamber A charged with air under 
considerable pressure. Should the normal operating 
means fail, the pilot can blank off the hydraulic 
system and place the air reservoir in direct com- 
munication with the hydraulic chamber by means 
of control C. The compressed air will then operate 
the jack and lower the undercarriage. 
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The Tail Skid 


The tail skid has very much the same functions as the undercarriage, 
but is subjected to very much smaller loads, and less care is taken to 
reduce “bounce”; only on large machines is an oleo leg fitted. 

Fig. 62 (o) shows a non-tracking type 
used in the Blackburn Bluebird ; it consists 
of a skid pan, two radius rods, and com- 
pression spring fitted inside* the stern 
post. This type has an additional func- 
tion to that of the undercarriage, in that 
the friction between the pan and the 
ground helps to pull up the aeroplane. 
Where wheel brakes are used on the 
undercarriage a wheel may take the place 
of the skid pan (the wheel being free to 
castor) : an example is given in Fig. 62 (b) 
The skid may be steerable from the 
rudder controls. 

( Bysourtesy of “ Aeroplane *') 

Fig. 62 (a) 

Tricycle Undercarriage 

It is likely that the “tricycle” type of undercarriage* will be used 
much in the near future as an aid to high-speed landing. It consists of 



the usual main landing wheels set 
back behind the C.G., and a for- 
ward castoring wheel. 

The main advantages of this 
type are that brakes may be 
applied harder without risk of 
overturning, stability of yaw in 
a cross-wind landing, and elimin- ^ 
ation of “float,” as angle of N 
attack is automatically decreased 
on touching down. The dis- 
advantages are structural in that 
it is very difficult to provide room " 

for retraction, especially on a 
single -engined machine. Also it 
will put up weight, as it is 
extremely unlikely that much 
weight can be saved on the tail ' 
end of the fuselage due to the 
elimination of the tail-skid loads. 

Tail Unit 

The tail unit is attached to the 


\ \ / /' 


tail end of the fuselage. It is Piq, 02 (b) 

divided into two parts ; the fin 

and the rudder in the vertical plane, and the tail plane and ele- 
vators in the horizontal plane, giving directional and longitudinal 
stability and control respectively. Tlae construction is very similar 
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(From “ Aircraft Production ’*) 


Fig. 63 (a). Structural Details of the “Battle” Fin 
AND Rudder 
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to that of the main planes and ailerons, consisting of either spars, 
ribs, bracing, leading and trailing edges as shown in Fig. 63, or 
stressed-skin construction. Pig. 63 (a) shows the Battle fin and rudder; 
the fin has a duralumin skin, and the rudder fabric. 

The rudder and elevator should be designed with the bulk of the 
weight as far forward as possible, to aid mass balancing. It is for this 
reason that when the stabilizers are metal-covered the control surfaces 
often use fabric. 
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FORCES IN THE STRUCTURE 
MAIN PLANES 

Load Distribution Along the Wing 

The intensity of loading is not constant along the wing span, but falls 
off towards the tip, and due to body interference. It is also different 
for the top and bottom planes of a biplane. 

Curves of load distribution for rectangular biplane and monoplanes 
with shaped tips extending inboard not more than 1*2 chords are given 
in Fig. 64. This may be considered the same for all tip shapes. For 
portions cut away other than the tip, loading is reduced in the same 



Fig. 64. Load Distribution over Rectangular Wing 


ratio as the chord. Tapered and twisted wings need special treatment 
(see Air Publication 970). 

Wing Loading 

The wing loading (lift per imit area) for the top and bottom planes 
of a biplane may be found in the following manner — 

Lift of top plane = 

Lift of bottom plane = 

where and are the lift coefficients of the top and bottom wings 
respectively and and their respective wing areas. 

Total lift = ipF* 


Let 
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Then 


Total lift — Cij^Sj^) 

~ i^ibPF^ ^ h i 

Lift of bottom wing 


Loading of bottom wing = 


In the same way — 

Loading of top wing 


= iC,,pV^ 
Total lift 
~ (xSf -f Sf,) 

X total lift 

" (xSf + iS'j) 


If the aerofoils are similar and set at the same angle, x = 1*2. 


Distribution of Load Along the Spar 

In order to find the distribution of load along the spar, we must first 
subtract the weight of the wing structure from the total lift or weight 
of the aeroplane in horizontal flight. 

Net load on wings = Weight - Weight of wing structure — 

From above — 

Net loading on top plane = x . W^/ixS^ + 

Net loading on bottom plane = WJ{xS^ Sj,) 

For a monoplane, net loading = W^/S 

Let length of semi-span == s ft., and chord — C ft. 

For rectangular biplanes, effective shortening of semi-span due to 
tip losses = 0*2(7, and for a rectangtilar monoplane — 0*125«. 

Net load on semi-span, top wing = Loading X 8^/2 

==xW^.St/2{xS^-S,) 

Max. load per foot 

run, top wing == Net load/Effective semi-span 

= xW„ . SJ2{xS, H- S^) {8 - 0-2C) 

and for bottom wing = • >8^/2{x , S^) (s - 0*2(7) 

Max. load per foot 

run for a monoplane = lF^/2 x 0*876s = 

To find the load per foot run at any position along the span, multiply 
the ordinates of the load distribution curve by the maximum load per 
foot as found above. 

To find the load per foot run along the spars, draw a plan form of the 
wing to any convenient scale showing the positions of the spars (Fig. 
65 (a) ). On it draw the locus of the centre of pressure, which may be 
assumed to be a constant proportion of the chord from the leading edge, 
for the whole span, irrespective of the shape of the wing tip. 

Divide the load curve and the wing plan into a suitable number of 
divisions along the span. At each division find the value of yjx and 
multiply it by the height of the load curve at that point, which gives 
the load per foot on the rear spar for the point. 

By plotting the values the load curve for the rear spar is found. That 
for the front spar is found by subtracting the rear spar value from the 
whole. , .. 
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Lift Reaction 

Read the actual loading from the front spar load curve at the centre 
of each division and multiply this by the actual length of span repre- 
sented by each division. This will give the load on each division assumed 
concentrated at the centre. 

Let Wif Wti Wi, etc. (Fig. 65 (6) ), represent these loads, and Zj, Z*, Z,, 
etc., their distances from the pin- jointed wing attachment fitting. 

If P is the reaction at the attachment fitting, R the reaction at the 
outer strut, and d the distance of R from P, 
then P -f F = + tOg -f w?* -f etc. = W 

and Will + -f- 4* etc. - Rd = 0, 

from which R and P may be found. 

The rear spar is treated in a similar manner. 

The above is written to give a clear understanding of what is meant 
by the lift reaction at the joints. As explained in Chapter V, it is not 
intended to make any attempt to find the size of or the stresses in an 
aeroplane spar due to the complications arising from the effect of end 
loads and more than two supports. It is, however, possible to compare 
the effect of different types of wing bracing on the strength/weight ratio 
and head resistance. 

Example. A single-bay biplane with rectangular wings has a semi- 
span of 20 ft. and a chord of 7 ft. for the whole span. Both wings are 
identical in shape 
and setting, but the 
effective area of the 
bottom wing is re- 
duced by 25 sq. ft., 
due to the fuselage 
and its interference. 

The front and rear 
spars are 12 in. and 
4 ft. 6 in. back from 
the leading edge re- 
spectively, and the 
C.P., for the case con- Fig. 65 (c) 

sidered, is at J chord. 

The total weight of the aircraft is 10,600 lb. and the wings weigh 1,600 lb. 

(a) Plot the load curve for the top front spar. 

(b) If the front truss is as in Fig. 65 (c), find the compression in the 
front spar AB due to the lift reactions. 

Top Wing 
tX/TV' . 

Max. load/ft. = 2(a:S, + (s - 0-2C) 

1-2 (10,600 - 1600) 40 X 7 
~ 2(1-2 X 40 X 7 + 40 X 7 - 25) (20 - 0-2 x 7) 

== 137-5 
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Bottom Wing 

Max. load/ft. _ ^ 

on front spar ~ 2(^/9^ + Bj,) (s - 0-2(7) ^ 42 

9000 X 255 33 

~~ 1180 (18-6 - 'j -0-2~x 7) ^ 42 
' = ^ Ib./ft. 

To get load curve of top spar, multiply ordinates of biplane load curve 
(Fig. 60) by 108. This is given in Pig. 66 (d). The area under this curve 



Oistancft from root 'B' Ft. 


Fig. 65 (d) 


represents the total load on the spar. Split the area into a suitable 
number of parts, and multiply the areas by the distance of their centroids 
from Bf sum the results, and divide by distance AB^ which gives the 
reaction at A — 

Reaction 


134 X 17-5 + 176 X 15-5 + 196 X 13-5 + 208 X 11-5 + 108 X 10-5 X 5-25 


13-5 


= 1,1981b. 
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Reaction at A bottom spar = 1198 == 1010 lb. 

Total upward iseaction at A — 1198 + 1010 

= 22081b. 


Compression force in 


2208 X 13-5 
“ 8 
= 3720 lb. 


Aspect Ratio 

In finding the effect of aspect ratio it will be best to consider the 
complete wing structure. It is a beam carrying a distributed load. The 

Wl 

maximum bending moment will be where W equals total load on 
half span and I equals half span. ^ 





Forces in p?he structure 

Any increase in span will mean a proportional increase in bending 
moment and length of spar, and therefore an increase in weight of wing 
structure, provided the total wing area remains constant. Extra 
weight may also be required to give sufficient stiffness to prevent 
flutter. Increased depth may save some of the weight increase, but this 
leads to increased drag. For aerodynamic reasons the efficiency of the 
aerofoil increases with aspect ratio, a large aspect ratio means more 
lift and a smaller induced drag. 

There are therefore two effects of increasing the aspect ratio — 

(а) To increase the weight due to increased bending moment and length, 
and to give stiffness. 

(б) Increased aerodynamic efficiency. 

The relative importance of these will vary. If the aspect ratio is 
large, (a) will have the greater effect; and if small, the effect of (6) will 
be greater. It follows that the most efficient aspect ratio must be 
neither large nor small, and normally varies between 5 and 6 J for mono- 
planes and and 9 for biplanes. For a glider, where the structure 
weight is relatively unimportant, it may be as high as 20. The Vickers 
geodetic wings use higher aspect ratios, as they resist torsion better 
than other types. 


BRACED WING STRUCTURES 


Monoplane Trusses 

Fig. 66 (a) and (b) show two monoplane trusses and their stress 
diagrams, (a) will have a large compressive end load on a long spar. 
By bringing in the support half-way the reaction AB will be doubled, 
and it will be seen from the stress diagram that the end load is the 
same in each case. In (6) the stress in the inner portion of the 'spar 
will be decreased due to the shorter length, but the maximum bending 
moment and therefore the stress on the overhanging portion wiU be 
four times as great. 

By having a high wing (Fig. 66 (c) ) it will be seen that the end load 
is considerably decreased, the strut AC being fixed at a less acute angle. 

If the strut is above the wing (Fig. 66 (d) ), the end load will be 
tension, giving a much lighter spar. The strut, however, will be heavy, 
it having to take the flying loads in compression, whereas in the other 
cases the lift was taken in tension. 

Fig. 66 (e) shows a pure cantilever wing, a style which is now most 
popular. 

There are no end loads due to lift bracing in this case, but the bending 
moment wiU be very great at the root, necessitating an increased depth 
of spar atid wing. There will be large loads due to the couple at the 
attachment to the fuselage. 

These loads may be reduced, and the necessity of putting a member 
inside the fuselage to take them obviated by putting a short strut 
(shown dotted) to the top or bottom of the fuselage, depending on where 
the spar root is attached. This v^U also reduce the bending moment and 
so enable a decreased depth of spar to be used. Fig. 66 (/) shows the 
approximate bending moment diagram for a pure cantilever spar 
compared with that of a spar supported With a strut at A. 
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Biplane Trusses 

Fig. 67 (a), (6), and (c) show three biplane trusses. It will be seen 
from the diagrams that (a) has a compressive end load in the top spar 




and interplane strut, and no end load in the bottom spar, while (b) has 
no end load in the top spar, tension in the interplane strut and bottom 
spar, and a heavy compression in the diagonal strut. This means that 
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the spars and interplane strut of (b) will be lighter, but this sAve in 
weight will probably be more than counterbalanced by the need for a 
very heavy diagonal strut. 

Fig. 67 (c) shows another wireless truss, where the diagonal strut 
taking compression has been considerably shortened and the com- 
pression reduced. There will be compression in the top spar, but as the 
unsupported lengths have been reduced this spar wiU be light compared 
with (a). An advantage of wireless external bracing is a reduction of 
head resistance, wires having a high resistance due to vibration. 




Ca) 







CP) 


Fig. 67 



Examples of two bay biplanes are shown in Fig. 68. It will be seen 
in each case that the loads in the inner bay are greatest. 

Case (a) shows a biplane with each bay at the same length, and as the 
compressive end loads are much greater in the inner bay the spar will 
have here to be heavy to withstand them, but the outer bay spar is 
only required to be comparatively hght. 

Biplane spars are normally made of constant section throughout, 
as the extra weight of fittings required to change the section to suit the 
bending moment, which changes something like that shown in Fig. 
68 (c), would be as great as the weight saved on the spar itself. Thus 
the spar in case (a), being of constant section, will be much heavier than 
is required in the outer bay in order that it may be of the required 
strength in the iimer bay. 

In case (6) the reduction of length of the inner bay reduces the bending 
moment there and the spar may be made lighter, whilst the extra length 
of the outer bay will increase the stren’gth required there. By using 
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suitable lengths of ba^ it can be so arranged that the spar requires 
the same strength in both bays. 

This is illustrated diagrammatically in Fig. 68 (d). The height of the 
full line shows the strength (or weight) of spar required for case (a), 
and the dotted line that used for constant section, whilst the chain- 









OiAi'c.r' 

l-n-nc-r €^^25 


ed) Fig. 68 


dotted line shows how the smaller inner bay (case (b) ) will reduce the 
weight of spar required. 

The above also applies to the longerons in the fuselage, and, where 
practicable, the inner bays are made shorter here. 

Drag Bracing 

The spars are braced together in the plane of the wing by means of 
drag bracing. This usually takes the form shown in Fig. 69. It will be 
seen from the diagram that the loads are greatest in the inner bays. 
These end loads will increase or decrease the spar loads due to lift, 
depending on whether they are of similar or different sense. 

Effect of stagger 

The effect of stagger is to increase the loads in the spars, external 
and drag bracing, and so to increase the weight. Fig. 70 shows sections. 


103 


FORCES IN THE STRUCTURE 

with and without stagger, of the wing structure in the plane of the 
incidence bracing. In each case the assumed lift is 200 lb. and drag 
10 lb. on the front spar at this point. 

It will be seen, by resolution, that the lift bracing takes 200 lb. and 
the drag bracing 10 lb. if there is no stagger, but 226 lb. and 100 lb. 
respectively if there is stagger, and the lift bracing is in the plane of 
the top and bottom spars. 

Stagger is only adopted for practical reasons, as the gain in lift is 
neutralized by the increase in weight. 

Students often ask why on certain aeroplanes the anti-drag wires are 




of larger cross-section than the drag wires. The reason is that the drag 
bracing does not take drag, nor the lift bracing lift. We have seen, in 
the previous e:^ample, that with* stagger both the lift and drag bracings 
take a greater force than the lift and drag respectively. Now if the 
stagger had been negative, and of the same magnitude, the horizontal 
component of the 226 lb, in the lift bracing would have been forward. 
This component is 90 lb. and the drag of 10 lb. would give a resultant 
forward force of 80 lb., thus loading the anti-dra.g wires in flight. 

Again consider the case illustrated in Fig. 70 (a). The strut is stag- 
gered, but the lift wire is vertical. For simplicity the drag bracing is 
again assumed horizontal. At the bottoMr joint the 200 lb. lift puts a 
force of 226 lb. in the interplane strut which, owing to its angularity, 
has a horizontal component at 90 lb. backwards. This, together with the 
10 lb. drag, puts a “drag ” force of 100 lb. in the drag bracing. 

At the upper joint the interplane strut load has its vertical com- 
ponent of 200 lb. taken by the ITft wire, together with the 200 lb. lift at 
this joint. Its horizontal component of 90 lb. forward, reduced by the 
101b. drag, puts an “anti-drag** force ,of 801b. in the drag bracing, 
so loading the ani^i-drag wires. 
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On this aeroplane there would be larger anti-drag wires in the top 
plane » and larger drag wires in the bottom plane. 

Duplication of Flying Wires 

In order to guard against complete failure of a machine, due to the 
breakage of a wire, all wires taking load in flight should be duplicated, 
either directly or indirectly. 

The duplication is arranged so that if a wire is broken the structure 
is strong enough for slight manoeuvres but not for large accelerations. 



Direct Duplication. In this method two flying wires are fitted instead 
of one. Each must have a separate anchorage, and be able to take 
two-thirds of the load that one would have taken, as it is impossible 
to make each take the same load. Care must be taken that one wire is 
not rigged tighter than the other, or it will take a greater load. 

It should be noted that duplication does not increase the strength of 
the structure, for even if the duplicated wires could be relied upon to 
take I J the load of a single wire, the other members, which also help 
to make the structure, are no stronger. ^ 

Actually if the load is more than moderately high when a wire is 
broken, the remaining wire is likely to break too, due to it having to 
take its own load plus the suddenly applied load from the broken wire. 
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Thus duplication only guards against failure due to breakage of a 
wire, due to fault, fatigue, or gunshot. 


Example. Duplicate lift wires are rigged such that one is 10 ft. 6*16 in. 
and the other 10 ft. 4-85 in. A total load of 6000 lb. has to be trans- 
mitted. Find the load taken by each wire, given £* = 30 X 10® Ib./sq. in. 
Area of each -wire = 0*034 sq. in. 

Elongation of short wire = elongation of long wire -f 0*3 in. 


AE 


AE 


+ 0*3 


where P and Pi equal load in short and long wire respectively, 
and L and equal length of short and long wire respectively. 


Then 


P + Pi = 6000 lb. 

P, = 6000 -P. 

PL 6OOOX1-PP1 
AE “ ' AE 

PL + PPi = 6000Pi + OSAE 
6OOOP1 + 0*3AE 
P + Pi 

6000 X 126*16 + 0*3 X 0*034 X 30000000 
"" 260 
= 4228 lb. 


Pi = 1772 lb. 


The short ware carries a load of over two-thirds of the total, and is 
liable to fracture. 


Indirect Duplication. The flying wires and the fuselage side bracing 
wires may be duplicated indirectly by means of incidence bracing and 
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the centre cross-bracing respectively. Referring to suppose the 

flying wire DO breaks. The total reaction at D has then to bo taken 
by the incidence wire Dh; this will transfer the re^tions from the 
front to the rear truss, which must now take a greater load. 

The result of this will be — i i • j . 

1. To put an extra load in the top and bottom drag bracing, due to 

the load in Dh. 

2. Increase the tension in dg and compression in dh. 

3. To alter the end loads in the spars, so that the port loads are no 
longer balanced by equal and opposite starboard loads. 

The effect of (3) will be — 

(a) To cause the spar AD to tend to move in the direction AD. Extra 
loads in drag bracing and OK. 

(b) To cause the spar ad to tend to move in tlie direction da. Extra 
loads in drag bracing, bl and a/. 

(c) To cause the spar DD to tend to move in the 'direction ff F. Extra 
loads in drag and centre section bracing. 

(d) To cause the spar eg to tend to move in the direction eg. Extra 
loads in drag, centre section bracing, and af. 

The same effects will take place if, due to faulty rigging, the flying 
wire DG is slack and the corresponding incident wire Dh and rear flying 
wire dg are tight. If one incidence wire is tighter than the other, the 
rigger may be sure that one truss is taking more than its share of the 
load. 

THE FUSELAGE 

The fuselage acts as a beam supported at the wings in flight. In 
landing it ia^ supported by the undercarriage and tail-skid, and must 
withstand the weight of the whole structure in a fairly bad landing. 

In flight it must be strong enough to withstand the following loads — 

Up load on tail (C.P. forward). 

Down load on tail (C.P. back and nose dive). 

Side load on fin and rudder (in a turn). 

Torsion (in a turn, when the fin and rudder are unsymmetrically 
placed about the centre). 

Weight of structure and load not in the wings. 

Engine thrust and torque (unless the engines are in the wings). 

When finding the internal loads the fuselage may be treated as a 
whole or regarded as consisting of three portions, viz. front, rear, and 
centre portions. 

The front and rear portions are cantilevers transferring the forward 
and tail loads respectively to the centre portion, which is supported 
by the wings or undercarriage. 

Fig. 72 shows the stress diagram and loads in a fuselage treated as 
a whole for the C.P. back case, and Fig. 73 the rear portion of the 
same fuselage for the landing case. 

The loads on one side only are taken, the other side being identical. 

In making these diagrams the structure is assumed pin- jointed, and 
the loads carried and weight must be distributed over the joints and will 
act vertically downwards. This does not mean they act perpendicularly 
to the datum line of the fuselage, but at an angle dejiendmg on the 
attitude of the machine for the cases taken. 
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The fuselage should be stressed for the following conditions of 
loading — 

Front Portion, Landing with engine off. 

Normal flight C.P. forward. 

Turning in flight. 

Thrust and torque. 

Rear Portion, Landing on wheels and skid. 

Normal flight C.P. forward. 

Nose diving. 

Side load on fin and rudder. 

Centre Portion. Loads from remainder of structure for all conditions. 

If, as is usual, the fin and rudder are not symmetrically placed about 
the centre line of the fuselage, the side load in a turn will put the fuselage 
in torsion. The method of finding loads in this case is far too involved 
to be included in this book. Note that the torsion is taken by the side 
bracing, and not the internal cross-bracing. 

So far we have only considered the girder type; the monocoque 
fuselage may be treated as a tubular beam. As, however, such calcula- 
tions as can be made are not very reliable, due to elastic instability 
causing failure, an actual fuselage should be tested by loading it to the 
maximum load it will have to stand. For general considerations,; see 
Chapter VI. 

THE UNDERCARRIAGE 

Springing 

In normal aircraft the vertical travel of the undercarriage from a 
ground reaction equal to the static weight of the aircraft, to a ground 
reaction corresponding to three times the weight, should not be less 
than 4 in. plus the deflection of the tyres. It should also be such that 
the total work of compression is not less than the kinetic energy at the 
moment of impact, i.e. 

Wv^ 

-s— ft.-lb. 

where W = weight of aircraft in lb. 

and V = vertical velocity of descent in ft./sec. 

V for civil aircraft may be taken as (3 + 0*1F), where V is stalling 
speed in ft./sec. 

The work done must be found from a load-deflection graph of the 
shock-absorber, tyres, and axle. An example for an undercarriage using 
compression rubbers is given in Fig. 74. For a contraction of 8 in. and 
load of 6000 lb. the work done is given by the shaded area multiplied 
by the scale used. 

Example 1. A civil aeroplane weighing 1500 lb. has a stalling speed 
of 60 ft./sec. If the load-deflection graph for the undercarriage is as 
Fig. 74, find the maximum ground reaction and the full deflection of 
the undercarriage. 

^ ^ Wv^ 

Work done = -r — 

2|7 

V = (8 .+ 0-1 X 60) = 8 ft./sec. 

„ , ^ 1600 X 64 

Work done = gj 

== 1600 ft.-lb. ’ 



UOAO 


112 


STBUCTUBES 


The area of the graph must therefore equal 1600 ft. -lb. 

This may be found by trial and error. 

Shaded area represents 1540 ft.-lb. 

This is 40 ft.-lb. too large. 

Divide the graph divisions into tenths (not shown in Pig, for 
clearness). 

Then as each small square represents ft.-lb., the area must be 
40 

^ — 12 small squares smaller. Deduct these hnd the correct area ABC 
of 

is found. 

Then BC — 6800 lb. is the ground reaction, 
and AC = 7*9 in. is the full deflection. 



cojnpRcsaioN inches 
Pig. 74 
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Strength 

The strength of the undercarriage, and the rest of the structure, 
should be investigated for the following cases — 

1. The aircraft landing on the wheels with the thrust line horizontal. 

2. The aircraft landing so that the wheels and skid touch the ground 
simultaneously. 

3. A side load applied to the hub of each wheel equal to the weight 
of the aircraft divided by the number of landing wheels. 

4. Aircraft stationary on the groimd with the wheels chocked, skid 
at ground level, and engine developing maximum horse-power. 

6. Aircraft landing as in Case 1, with an horizontal drag force applied 
at the hub equal to the ground reaction divided by 4. 

The ground reactions for Cases, 1, 2, and 5 are determined from the 
springing characteristics of the undercarriage as shown in the previous 
example. 

In Case 1 the total ground reaction is divided evenly between the 
wheels, the skid taking no load. In addition there will be a vertical 
load on the wings, distributed as for the C.P. forward case, and an 
upload on the tail, at J tail plane chord from the leading edge, to give 
balance. The total upload for the wings and tail plane is equal to the 
weight of the aircraft. The load factor to be 1*16 for ahghting geai and 
1*25 for the rest of the structure. 

For Case 2 the total ground reaction may be as Case 1, and the same 
load factors used, or the machine may be considered standing on the 
groimd with the weight divided between the wheels and skid, and a 
load factor of 4 used for alighting gear and 4*6 for the rest of the struc- 
ture. In either case the reactions on the wheels and skid may be found 
from the total reaction by a simple moment equation if the position of 
the C.G. is known. 

In Case 3 the side load is considered to be the only external force 
acting, and is balanced by the inertia forces. The load factor is 0*7. 

In Case 4, thrust may be taken as 5 lb. per h.p. No air forces are 
considered. Load factor equals 2. 

Case 5 is as Case 1, with the addition of the hub load. 

Note, The load factors given are for civil aircraft. For service aircraft 
they are slightly higher. In the event of a bad landing, it is arranged, 
by using smaller load factors for the undercarriage, that it will fail 
before the rest of the structure. 

The size of the wheels should be such that 

W 

— = 13U& 

^ n 

where W « weight of aircraft, lb. 

n = number of landing wheels 
D zs overall diameter of wheels, inches 
h = tyre width, inches. 

The loads in the members of the undercarriage for the above cases 
can be found by simple statics for the single-axle undercarriage, and 
although this is now little used, it not being retractable, it provides a 
useful example in statics. The method for divided undercarriages is 
given by Mr. A, E. Russell in FligMy 28tb November, 1930, but is too 
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advanced for inclusion here. The loads in the rest of the structure are 
found by stress diagrams. 

Example a. Find the design loads in the members of the undercarriage 
of the aerojJiane for which the ground reaction was found in Example 1 . 



Given max. h.p. equals 140. Line drawings of the aeroplane and 
undercarriage, with the thrust line horizontal, ^re given in Fig. 75 (a). 
Case 1. 


Total ground reaction as found in Example 1 = 6800 lb. 


Ground reaction per wheel X load factor 


6800 X M6 
2 

= 3336 lb. 


This force is also at joint since the axle is continuous, and it puts 
a maximum bending moment in the axle at A, equal to 


(6 ft. -2 in.) -(4 ft. -6 in.) 
2 


X 3335 


= 4 X 3336 
== 13,340 in.4b. 
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To find the loads in the members draw the triangle of forces for the 
joint A in the front view. 

This gives — 

3580 lb. in the plane ABC 
and 1320 lb. tension in the axle. 

Next obtain the true view of ABC (shown dotted), and draw the 



RXLC 

Fig. 75 (6) 


triangle of forces for the joint A in the plane ABC, The external force 
at A being the 3580 lb. 

This gives — 

Load in AB = 1320 lb. compression. 

„ „^C = 290Olb. 

Case 2. 

Total ground reaction = 5800 lb. (as before). 

Find reaction at wheels by taking moments about skid. 

5800 (16 1 - 11) - 15-li2 = 0 
^ 6800 X 14 

^ ~ 161 

= 6377 lb. = reaction at wheels. 

Reaction at each wheel X load factor 

= 5!IZ-pL® = 309_21b. 

This reaction acts at an angle -a to that in Case 1., 


Tan a = 3/15 * 0 2. 
. o = 11*3® , 
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The reaction of 3092 lb. acting at 11*3® may be resolved into an hori- 
zontal component and vertical component at A (see side view> 
Fig. 76 (h) ). 

Horizontal component = 3092 sin 11-3 
= 606 lb. 

Vertical component = 3092 cos a 
= 3032 lb. 

This vertical component will put a load in the axle, also it is not in 
the plane ABC. Draw the triangle of forces for the joint A in the front 
view, using this load. 



This gives — 


3270 lb. in plane ABC 

and 1200 lb. tension in the axle. 

Next draw the polygon of forces for the joint A in the plane ABC^ 
the external loads being 606 lb. horizontal and 3270 lb. vertical. 

This gives — 

Load m AB 690 lb. compression. 

,, AC 3100 lb. „ 

Case 3. 

Weight of aircraft == 1600 lb. 

Side load on each ^heel X load factor 
1600 X 0-7 


2 

Consider the load is to the left. 


626 lb. 
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The load of 626 lb. at a will put 626 lb. compression in the axle, which 
will transmit it to -4, where the two 625 lb. loads are taken by the 
radius rod AB^ and bracing wire Ah, AB being in the plane of the radius, 
rods AC will take no load. This case is the criterion for the strength of 
the bracing wires. 

Draw the true view of the plane ABha (shown dotted, Fig. 75 (c) ), 
then draw the triangle of forces in this plane for joint A , using the total 
side load 1060 lb. 



Fig. 75 {d) 


This gives — 

Load in = 1880 lb. compression. 
„ „ Ab = 2360 lb. tension. 

Case 4. 

Thrust at 6 Ib./h.p. = 140 X 6 
= 700 lb. 


Vertical reaction on wheels with skid at ground level 

1600 X 14 

== = 1391 lb. 

lO’l 


The wheels rotate ^ghtly until the resultant reaction from the ground 
and chocks is passing through the centre line of the axle. This resultant 
is equal to a force equal and in the opposite direction to the thrust, and 
a force equal to the vertical ground reaction. This latter is at 11-3® 
to the vertical plane in Fig. 76 (d). 

Force at each hub X load factor 


= 700 lb. in horizontal plane 
and 1391 at 11-3® to vertical plane. 

The latter may be split up into two components, viz. — 
Vertical component = 1391 cos 11-3® 

= 1364 lb. 

Horizontal component == 1391 sin 11-3® 

= ^31b. 
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This gives a total Jiyrizoil 


Uil force at ^ eqaaJ to 


700 - 273 = 427 lb. 


and a vertical force of 1364 lb. 

Treating- this in the same way as Case 2, we getr- 
A load in the axle = 660 lb. tension. 

„ „ ABC = 1490 lb. 

„ „ AB = 960 lb. compression. 

„ „ AC = 940 lb. „ 



Fig. 75 (e) 


Case 5. 

3335 

Drag load at hub = — ^ = 834 lb. 
Vertical load at hub = 3336 lb. 


This is treated in the same way as Case 2 — 

Load in the axle = 1320 lb. tension. 

„ „ AB = 2130 lb. compression, t 

„ „ AC = 2420 lb. 

From the above we get the required strength of members from the 
maximum loads considering all cases — 

Axle Aa == 1320 lb. tension and 525 lb. compression. 

Leg A (7 *s 3100 lb. compression. 


Badius rod AB ^ 2130 lb: compression. 
Bracing wire Ah » 2300 lb. tension. 
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The axle also has to take bending. Case 5 gives the maximum bending 
moment. The two loads of 834 lb. and 3336 lb. may be found by 
resolution to equal a load of 3408 lb., giving a maximum bending 
moment at A 

= 3408 X 4 
= 13632 in. lb. 

As the leg AC varies in length the calculations should also be carried 
out with the leg compressed under the full factored load. The amount 
it is compressed under this load may be found from a load-deflection 
graph of the leg. 


5 — (A.90CX) 



CHAPTER VIII 

DETAIL DESIGN 
THE SPARS 

In order to get economy from the weight standpoint, the spars should 
be made as deep as practicable. Their depth will be dependent upon 
the aerofoil used and their position in the aerofoil. 

Due to the large proportion of loading on the front of the wing, the 
front spar should be as near the leading edge as possible, without 
appreciable loss in depth, i.e. just in front of the point of maximum 
aerofoil depth. The rear spar should be spaced as widely as practicable 
from the front spar, in order that the loads due to the couple in a nose 
dive may be a minimum and to give rigidity to the rear of the wing. 
This will mean an unavoidable reduction in spar depth, due to the 
taper of the rear portion of the aerofoil. The actual position will be a 
compromise between reduction of load and a reduction of depth. 

Types 

Fig. 76 shows an Armstrong spar as used on the Atlas machine. 
It is made from steel strip varying from O'Ol in. to 0-02 in. thick, and 
is in. deep. Although weighing only 0*856 lb. per foot, it has a 



Fig. 76. Armstrong “Atlas” Spar 


moment of resistance of 28' tons-inches, and will withstand a stress of 
nSO tons/sq. inch in the flanges. It wiU be noted that the free edges 
(a) at points of high stress are covered by a small section in order to 
preveijit failure from elastic instability. 

The width of the flats in the webs are thirty -two times the thick- 
ness^ but as this part has only to withstand a compressive stress of 
60 tons/sq. inch wave formations will not occur. 
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Local reinforcements may be made by tubular inserts and extra 
flanges as shown at (6). 

The method of fixing the ribs to these spars is illustrated in Fig. 77. 



The attachment consists of collapsible clamps, hinged at the centre 
and riveted at the outer end to the rib booms. 

Small steel fillets attached to the clamps rest at the root of the spar 
lip. The rib is inserted with the” clamps in the collapsed position, and 
they are then straightened out by tightening the cycle spoke nipple, 
shown projecting just above the hinge. This lengthens the fixing and 
causes the fillets to grip the spar booms. 
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Fig. 78 shows a spar of somewhat similar construction, the built-up 
booms being replaced by shallow tubular ones made in one piece. This 
has the advantage of being lighter, and the oval sections allow the bulk 
of the metal to be farther from the neutral axis. 

It will be noticed that fittings are riveted to the booms. As this could 
not be done by the usual process at such a large distance from the open 
end, a special method is used. The rivet and process is illustrated in 
Fig. 79- The rivet is of mild steel and is the hollow type, having an 
external diameter of ^ in. This is threaded on a high-tensile steel peg 



Fig. 78. Armstrong Spar with Oval Flange 


headed up to a cone shape at one end. The rivet and pin are then 
inserted into the hole, and the shank end of the peg gripped by the 
riveting tool, while the outside portion of the tool butts up against the 
fiange of the rivet on the outside of the Hole. The gripping part of the 
tool now draws the peg back through the rivet, whilst the outside still 
presses on the rivet, keeping it in place. 

The first action of the peg is to expand the inside end of the rivet ; 
then, as it meets with resistance at the part where the rivet is held in 
the hole, it is wire drawn to a smaller diameter, at the same time 
expanding the rivet tightly into the hole. 

The Br^tol type of spar and its attachment to the ribs is shown in 
Fig* 80 (a). 

The simplicity of this design is worthy of note. It is built up of 
corrugated steel strip. The edges of the flanges and webs are grooved 
and form four similar interengaging edges, the spar being assembled 
by sliding the edges of the flanges along the grooves of the webs. 
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Fig. 79. Method of Closing Pop Rivets on Armstbong 
Spars 
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No rivets are required, except those which secure the fittings and ribs. 
The ribs are secured by means of lugs on the rib posts, which fit 
between, and are riveted to, the spar tips. • 

Fig. 80 (6) shows how the drag bracing is attached. Side plates are 



{By courtesy of "Flight *’ ) 

Fig. 81 (a) 



Fig. 81(6) {By courtesy of " flight") 


riveted to the tipi on each side of the spar, an eyebolt is bolted through 
and tightened against a distance tube. This eyebolt acts as an anchorage 
for the wiring lugs and drag strut. 

Pig. 81 (a) shows the Boulton^ Paul spar ahdinterplane bracing attach- 
ment on the Side 9 tf^nd, The tension members (a) are to prevedt the 
flanges flattening otlt under load, and th^ object of the stiffener tubes (6) 
is to support the webs against secondary flexure and so prevent the 8^ar 
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from collapsing prematurely through elastic instabmty of the webs, 
before the maximum flange stress is reached. At the same time they 
assist in tlJe assembly of the spars, which is carried out as follows — 

1. The two webs are punched and the distance tubes inserted and 


Y 



Y 


fixed by rolling over their outer 
edges. 

2. The spar plates, which pro- 
vide local stiffness at the points 
where fittings are attached, are 
riveted on to the webs. 

3. Any other fittings which are 
permanently attached to the spars 
are assembled. 

4. The two flanges are drawn 
into position along the grooves 
formed by the turning over of the 
edges of the webs, and, finally, the 
assembly of the spar is completed 
by the punching and riveting of 
the* flanges to the webs. 

Quite a different design is that 
due to the Gloster Company, illus- 
trated in Pig. 81 (6). This type is 
specially suitable for thick wing 
sections. Good strength/weight 
ratio is obtained by taking full 
advantage of the depth of the 
section, and putting the bulk of 
the material at a distance from 
the neutral axis. It consists of 
two flanges, braced together by 
cross-bracing taking tension and 
posts taking compression. The 
shear will be taken by tension and 
compression in the bracing. 

The ribs, which are in three 


Fig. 81 (c) portions — leading, training, and 

centre — are riveted to the spars 
at the compression posts. Note the special method of attaching fabric. 

Fig. 81 (c) shows a Boulton & Paul two-piece spar for light planes. 
The two portions are joined, top and bottom, by small interlocking 
radii, which also help to make the flanges elastically stable. To make 
it more ngid, short tubes are put into the centre at intervals and 
secured by large diameter rivets. 

A duralumin spar used in many Vickers machines is shown in Fig. 
82. The elaborate corrugations used in steel spars are not necessary 
here, due to the comparative thickness of the metal used. 

This sps<r consists of two flanges of channel section, connected to- 
gether by a single duralumin strip, which at regu^r intervals crosses 
obliquely from one face of the spar to the other, and is riveted to 
theiflanges, on one side or other, between each cross over. 

Another interesting example of a duralumin spar is that used on 
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the Blackburn NUe flying boat. This, as will be seen from the 
illustration (Fig. 83), is very similar to that used for bridge construction. 

Forming the Corrugations 

In orde? to form the required section, metal strip of the developed 
width of the section is passed through consecutive sets of rollers, which 



(JB|/ courtesy of ** Flight ”) 

Fig. 82 


bend the material past the yield point and so give it a permanent set ; 
each roller in turn shaping the material more, until the required shape 
is reached. 

If high- tensile steel is used, there will be a considerable “spring- 
back,** i.e. the material on coming out of the rolls will return partly 
to its original shape. 

The last roll must therefore bend the material past the required 
amount, so that on release it springs back to the correct shape. 

In the drawing and rolling of steel sections there are two schools of 
thought over the question of heat treatment. In some cases the strip is 
received heat treated to its final strength, and rolled cold in this hard 
condition. In others it is bought in the annealed condition and rolled 
or drawn in this state, afterwards being passed through a die of the 
final shape during heat treatment. 

Hard rolling reduces the number of operations, and soft rolling 
reduces wear of rolls and dies, and difficulties of spring-back are 
eliminated. 

With a section such as Fig. 87 (4), thetx^terial must be shaped by 
drawing through a die, or by making the top roll in three parts (a) 
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Fig. 88 (a), as the distance x being less than y, it would be impossible 
for the pair of rolls to run in each other. 

The whole process may be done by drawing, but this is normally a 
longer job, the material being liable to twist if drawn through more 
than one die at a time. 

The rolls and dies must be made very accurately, so that the material 
is not gripped unevenly. Allow a lead in on the dies ; make, say, J in. 



{By courtBJty of 'Flight ** 

Fig. 83 


the true section and chamfer the rest ofP. The axes of the rolls should 
be equidistant from the centre line of the strip, in order to minimize 
the amount of slip caused by the difference in linear velocity of the 
rolls, which increases with the difference of diameter at any point. 
Failure to observe any of the above may lead to the section coming 
out twisted. 

Fig. 84 shows the large and small rolling mill at the Bristol works. 
The strip may be seen going through the first pair of rolls at (a). The 
drawing process is iUustrat^ in 'Fig. 86. 
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Design of Rolls and Dies 

The first rolls are got out by sight from experience, the controlling 
factor being that the material must be shaped in easy stages. This 
also decides the number of stages ; iisually four or five are sufficient for 
a spar section. 

The lait roll but one is usually made of similar dimensions to the 
finished section. The last has to be such that the permanent set will be 



the correct section, i.e. it will be bent further than the finished product, 
there being a considerable spring-back if high tensile steel is used. 

The shape is arrived at in the following manner — 

Consider a length dx of the cross-section of a bent strip of radius 
i?o, and let the radius of the die be as shown in Fig. 86 (a). Let the 
stress in the die be /; It will hot be subjected to stress when out of the 
die. 

Let the increase in length of do; in the die be de. 

Then dx — (jRq + 

de = (iJi -h 2 /)d 0 i - (Ro + y)dB 

~ -f 2 /) (d0 . RqIRi) - (Rq -f y)d6 {de and y being small 

toR) 

. / (-^1 + y)idd , RJRi) - (Ro + y)dQ 

E “ 

^ ^0 y i^o/Ri) ~ Rq ~ y 

JB Rq -f* y 

^ y{Ro - Ri)/RiRq (y being small) ' 

y*will equal half-thickness, and / will equal yield stress. 

If there is no marked yield stress, a Stress slightly greater than 0*1 
per cent proof stress wOl give an approsimate result. 

. Noh^ stresses used should be taken from test, and not from specifi- 
cations. 
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An example will make the method clear. Design the necessary rolls 
and dies for the spar flange shown in Fig. 86 (&). 

It is obviously necessary that all corresponding arcs should be of the 
same length, otherwise part of the strip would be bent up in one roll 



and down in the next, e.g. the arc of 1*1 in. radius in Fig. 87 (1) must 
be equal in length to arcs of 0-6 in. radius (2), 0*4 in. radius (3), and 
0-337 in. radius (4). 

Denote the arc of 0*16 in. radius (Fig. 86 (6)) by a, 0*4 in. radius by b, 
and 0*1 in. radius by c. 

In order that the -first stage may be easy, we will make radius a 
(E^) 0*4 in., (i2^) 1*1 in., and (Be) 0*3 in. 

The corresponding angles will be found in the following manner — 


Angle for equal arc = 


final radius X final angle 
new radius 


Angle of a 016 X 60 

-^2— = — r 


Angle of 6 = 


0-4 X 160 
11 


644 °. 


Angle of c 


01 X 100 
0-3 


334 °. 


Roll 2 is foxmd in the same manner as Boll 1. Boll 3 is made the 
same as the final fiange, and 4, which must be a die (x being less than y)^, 
is found from the formula gfven above, as follows — 

Assume the yield stress is 70 ^ns/sq. in. and E 13600 tons/sq. in. 
for this example. 


Then 


®a4 ~ Ra» Ey 


By ^ Ba» 

70 1 

“ 13600 X 0-011 0-16 

1 1 
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Radius a of die 4 — = 0*14 in. 

JL ^ ^ 

“ 2137 0-4 

1 

" 0-337 
= 0-337 in. 

_L 1 

/e^4 “ 2-137 0"-l 

1 

” 0-096 
== 0-096 in. 

The angles found as for Roll 1 are — 

' a 53-7° 

h 178-7® 

c 104*3® 

All results (Fig. 87) are given to the centre line of the strip, and so 
the actual rolls and die will have half the thickness (0-011 in.) added 
or subtracted in order to allow for the material. 

Bolls 3 are given as an exami>le in Fig. 88 (b), 

THE RIBS 

The ribs are frames usually of either the “Warren” or “N” girder 
type. They need careful design ; there being many of them, much weight 
can be saved by getting the best distribution of the bracing. The 
bracing members which take the greatest loads are next to the spars 
and should be diagonally upwards, as in this way they will take a tensile 
load. Members taking large compression loads shoiild be short at the 
expense of tension members and those taking smaller compressions. 

Fig. 89 is a line drawing of a rib, showing how the loads are distributed, 
and how the bracing has been arranged to suit. 

The Bristol type shown in Figs. 49 and 80 (a) is of high-grade steel, 
of channel section. The diagonal members are continuous between 
the spars, being folded flat where riveted to the booms. This allows 
of the quick assembly illustrated in Fig. 90. 

The majority of braced ribs use some form of Channel, while others 
are tubular members. 

Quite another type of rib is. a one-piece pressing. This is very suiU-ble 
for mass production, being cheap and easy to make after the necessary 
press tools have been produced. An illustration of this type, as used 
in the Avro Trainer^ is shown in Fig. 91, it has the advantage of being 
strong in torsion. 

The Blenheim rib, which is an Alclad pressing, is shown in Fig. 60, 
and Fig. 60 (6) shows a similar type of rib used on the Battlei These ribs 
e*re particularly suitable for attaching the metal skin, and also have 
the torsional stiffness required for modem high speeds. 
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Fig. 87 




Fittings 

The fittings at the different joints in a braced structure account for 
a large proportion of the weight of the machine. 

Not only must they be considered from the strength /weight siand- 
pointt but care must be taken that the joint is made in such a way 
that no extra loads are put on the structure. 

Referring to the fuselage joint (Mg. 92 (a) ), the line of action of the 
wire being offset from the point where the line of action of th^ strut 
and longeron meet, a bending moment Px will be applied to the longeron, 
thus increasing the str^ in this member. In the same way, in the 
side view (6), the longeron will have a torsion Ry, This will be overcome 
if the wires are aricmged as shown by the dotted lines. Mg. 92 (c) is a 
wing joint of Boulton & Paul design, showing how the Hnes of action 






Fig. 90. Method op Rib Assembly (Bristol) 
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of all the loads are arranged to meet at a point. Sometimes on spars 
offsets are used to give a moment to counteract the bending moment. 
This was done on the wing Fig. 49, where the root-end eyebolts are 
above the spar centre line. 

A socket on a tube end is chamfered down to about in,, in order 
that there will be no sudden decrease in sectioiial area. 

In some cases tubes are flattened for purposes of attachment, in which 
case a liner tube of less thickness than the main tube, and having a 



serrated end, must be inserted. This, as with the socket, is to prevent 
failure, due to sudden change of area. 

It is often necessary, where a bolt bears on thin sheet metal, to give 
it a larger diameter than is required for the load in the bolt. This is in 
order that the bearing stress may not be too great. The bolt, however, 
need not be appreciably heavier, as it can be lightened by drilling a hole 
up the centre. 

Wiring Lugs 

The loads from the bracing wires are usually first taken on a sheet 
metal lug, which may be an integral part of the main fitting, or a 
separate detail attached to the fitting. 

A lug may fail in three ways — 

1. It may tear along the line of maximum stress. 

2. It may break away in front of the pin. 

3. It may crush in front of the pin, due to the bearing area being too 
smaU. 

The size of wire will determine the fork end to be used, and as these 
ai^e standardized, the size of pin and pin hole is fixed. 

The thickness must be such that 

P 





Fig. 92 (a) 


Fig. 92 {h) 
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where d diameter of pin 
t = thickness of lug 
P = load in wire 

=r permissible bearing stress. 



This thickness must also be such that is less than x (Fig. 93), so 
as to leave a clearance between the lug and fork end. 

Where high-tensile steel wiring lugs are used, it may be found necessary 
to fit a sleeve in the lug (Fig. 93 (y) ). This prevents a large bending 
stress being put on the pin due to the thinness of the lug, and the width 
of the standard fork-ends. 
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It also reduces the bearii^g stress by the ratio djdi. 

There is some doubt about the distribution of stress in a lug, and the 
proportions are usually obtained from formula derived from tests. 

The “offset” lug shown in Fig. 94 is of practically uniform strength ; 
many designers, however, use the concentric one, shown dotted. 

Suitable formulae for the design of lugs of either type are given 
below — 



where t = thickness 


/ s= ultimate strength 
a = 0*666TF 

Ry^ « 0-666TF -f I 
h = l*26a 
72, « 0*696m 4- 1 
^ 72,-i2i = O-UTT. 

W 

The reason why c is greater than a and why a is greater than may 

be understood by considering an exaggerated lug (Fig. 96). By drawing 
the triangle of forces for the forces at the point «?, it will be seen that 
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the forces AB and BC are greater than half the force AC, due to their 
angularity. 

Again, considering the triangle of forces for the point y, there must 







be a force FD exerted by the material resisting the^ tendency for the 
lug to bend inwards at this point. The lug must therefore withstand 
bending as well as direct load at y. . 

Lugs must always be bent to the angle of the wire which they serve. 
The bend must be close to the bolt, or other holding>down member, 
otherwise they will straighten out and put the machine out of alignment. 
In order that the lug may not tend to tear, it must be in line with 
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the wire, i.e. its line of bend must be at right angles to the line of action 
of the wire. 

Fig. 96 shows correct and incorrect ways of bending lu^s. 





{By courtesy of ** Flight *’) 

Pig. 97 

Types of Fittings 

Fittings are so many and varied that it is quite impossible in one 
chapter to do more than illustrate a few of the widely differing types. 




{By courtesy of **Flight") 
Fig. 98 


{By courtesy of ** Flight **) 

Fig. 99 


Fig. 97 shows the details and assem|j)]y of the fuselage joint in the 
Boulton & Paul Side^trand* The longerons are of “closed joint “ tube, 
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made by drawing steel strip through a series of dies. A sleeve having 
four flat surfaces is fitted to the longeron at the jointi and this is drilled 
with the longerons to take two eyebolts at right angles, and slightly 
staggered so that their shanks will clear each other. The lugs fit under 
the heads of the bolts, and the horizontal and vertical bracing struts 
have socket fork-ends, by which they are pinned to the eyebolts. 

. A very simile type of joint is used in the Armstrong Atlas (Fig. 98). 
The sleeve being round, a shaped washer must be fitted between the 
bolts and the sleeve to give a flat surface for tightening up against. 

The vertical strut has a socket with a “cup,” into which fits the 
spherical head of the bolt through the longeron ; the whole being kept 
in position by the tension in the wires. An advantage of the ball- joint 
is that no initial bending can be put on the strut due to misalignment, 
etc. 

Fig. 99 shows a fuselage joint by the Bristol Company. Here the 
longerons and struts are made of two pieces of rolled steel strip, 
assembled in the same way as the Bristol spars, previously described. 
The extreme edges of the struts are cut away, an inch or so from the 
end, and a flat plate is inserted and riveted between the two portions. 
The other end of the plate is riveted to the lip of the longeron. The only 
wire bracings are the bulkhead wires, and these are taken by a 
small eyepiece, bolted to the vertical and horizontal plates. This 
makes a very simple and light joint, and has the advantage that if a 
thin, large, diameter strut is used, the save in weight thereby obtained 
is not lost by the hecessity of ^ larger and heavier end fitting. 

Another type using plates, round steel tubes, and no wires is the 
Blackburn Lincock (Fig. 100). Here the plates are bolted to the lon- 
gerons, and the struts are attached to them by tubular rivets. 

A type used by Gloster’s is shown in Fig. 101. A steel plate is wrapped 
round the longeron to form lugs for the side wires, and sockets for th<‘ 
struts. The bulkhead wires are taken by an eyebolt, bolted through 
the wrapper plate. 

A welded fuselage joint as used on the Avian is illustrated in Fig. 102. 
At present welded construction is not very popular in this country, 
though it is used extensively on the Continent. This is probably due to 
the British constructors’ preference for the high-grade steels, which are 
not suitable for welding. 

Examples of joints used in stressed-skin construction will be seen 
in Chapter VI. 
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MOKENT OF INERTIA OF ROLLED METAL SECTIONS 

Now that rolled metal sections are so much in use, it is desirable that 
their Moment of Inertia may be found ln^ others than those familiar 
with the use of calculus. 

Below are given formulae by the use of which, it is hoped, readers of 
this book may find the Moment of Inertia of any thin metal section. 
As they are derived by the use of calculus, no proof will be given. 

Let AB (Fig. 103 (a) ) be a portion of arc of radius r to the centre, 
and thickness t. 



Fig. 103 
146 
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AO is at right angles to the axis xsc about which the Moment of 
Inertia is required. 

Then — tr ® sin 0 + ~ sin 20^ 

Note. 6 will be in radians = 

If the arc is nearer xx than o (as shown dotted) (2dr sin 0) will be 
negative. 

For a flat portion parallel to (xx) (Fig. 103 (&) ), 

= ild^- 

For a flat portion at right angles to (xx) (Fig. 103 (c) ), 

r in 

^**^13 3 J 

For a flat diagonal portion (Fig. 103 (d) ), 

j t r (d + o« _dn 

** ““ cos a L 3 3 J 

By dividing the section into these portions and adding the results, 
the Moment of Inertia of the whole section may be found. 

Example 1. Find /jcj. for the section shown in Fig. 104. Dimensions 
given to centre of material. 

A 



I of arc AB = ^ -j- ^ + 2dr sin 0 -f- ^ sin 20 J 

r/ 0-52\ 60 

= 0*048 X 0*6 [ (^0*812 ^- y ) 57:3 + 2 X 0*81 X 0*6 

sin 50 -f sin 100 ] 

0*024 [(0*6501 -f 0*126) 0*8727 -f 2 X 0*81 X 0*6 
X 0*766 + 0*0626 X 0*9848] 
= 0*024 (0*6817 -f 0*6204 + 0*0616) 

= 0*024 X 1*3636 
« 0*0327 in.* 


I 



148 


STBUCTURES 


I of diagonal BC — 


t 1 

'(d + i)* 

cos a 1 

L 3 

0*048 

ri-i3» 

cos 40 

L 3 

0-048 

f 1-4429 

0-766 

L 3 

0-048 

0-766 

X 0-3807 



0 -67n 
“ 3 J 

0-3007 

3 


] 


= 0-0238 in.4 


/ for arc CD = ir -f ^ - 2cir sin 0 -f ^ sin 20 J 

= 0-048 X 0-2 r (^0-82 4- -^1) ~2 X 0-8 X 0*2 

L\ 2 / 57-3 

0 ' 2 * 1 
sin 50 4- ~ sin 100 J 

= 0 0090 [(0-64 4- 0*02) 0-8727 - 2 X 0-8 X 0-2 

X 0-766 4- 0-01 X 0-9848] 
= 0-0096 (0-576-0-2461 4- 0-0098) 

= 0-0096 X 0*3407 
= 0-0032 in> 

I for arc DE will be the same as for CD, i.e. = 0-0032 in.* 

Total I for half section AB 

= 0-0327 4 - 0-0238 4 - 0-0032 4 - 0-0032 
= 0-0629 in.* 


I of whole section = 2 X 0*0629 
= 0*1258 in.* 


Example 2. Find the Moment of Inertia of the spar shown in 
Fig. 105, about the neuttal axis. 

Thickness of flanges = 0*022 in., thickness of webs = 0*018 in. 

By drawing the section ten times full size and scaling, the centre 
distances may be found, 

/ arc AB = 0-022 X 0-16 F ~ - 2 X 1-618 X 0-16 

L\ 2 / 67*3 


sin 60 4- sin 100 
4 


0-0055 


r arc BC = 0-022 X 0*4 -f- ~ -f 2 X 1‘167 X 0-4 


o-dies 


0-4* 

sin 60 4 — ^ sin 100 


-] 
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I of the two flanges == 0-0592 X 4 
= 0-2368 in.* 

/arc au = 0-018 X 0-1 (^1-067* + 

= 0-0060 


l.HK = 0-018 X 0-18 X 0-961“ 
= 0-0030 


= 0-0024 


/.£M = 0-018 "-If?'] 


= 0-0021 


/arcMJV=0-018 X 0-2 |^(^0-658“ + - 2 x 0-658 X 0-28in9oJ 
=0-018 x 0-2 [^(^0-658“ + sYS ^ ^ 

] 


= 0-018 X 


= 0-0014 


0-2 [^(^O- 


2 ) 

57-3 

0-2“^ 

1 

2 / 

57-3 

0-2“^ 

V 20 

2 > 

' 67-3 

0-2“'N 

70 

2 / 

57-3 


0 - 2 ® 

sin 20 -f — sin 40 
4 


658 + ^ - 2 X 0-658 X 0-2 

2 / 57-3 

(sin 90 - sin 20) - sin 40 
4 


1 arc NO = 0-018 X 0-5 
*= 0-0010 


0-6* 70 0-6* 






I of half web = 0-0060 + 0-0030 -f 0-0024 + 0-0Q21 -f 0-0014 + 0-0010 
« 0-0166 

I of two webs = 0*0165 X 4 
= 0-0620 in.* 


Total Moment of Inertia of section 
« 0-2368 + 0-0620 
« 0-2988 in.* 
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16 S.W.G. (0-064') . . A 0-138 0-163 0-188 '0-213 0-238 0-264 0-289 0-314 0-339 0-364 0-389 0-414 0-440 

I 0-0082 0-0135 0-0207 0-0301 0 0421 0-Q567 0-0746 0-0958 01208 0-1495 0-1826 0-2203 0-2628 

K 0-244 0-288 0-331 0-376‘ 0-420 0-464 0-508 0-553 0-597 0-641 0-685 0-730 0-771 
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Strut Curves for 65.45 40 and 25 tons/d Yield Steel and Duralumin 
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RADIUS or t^rp fiTiON 
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APPENDIX IV 

PRmCIPLE OF LEAST WORK 

Forces in redundant structures cannot be found by the ordinary 
methods referred to in this book. It is the object of this appendix to 
introduce a method of solution normally requiring higher mathematics 
than has been assumed hitherto, but which is essential for the complete 
stressing of aircraft structures. 

When a member is stressed within the elastic limit, work is done on 
it, and it stores energy, called strain energy, which is given out when 
the stress is removed. Work done on a tensile member is the product 
of the average force and extension. Within the limit of proportionality 
this work equals — 

Pull X extension 
2 

(i.e. the area under the load/extension graph). 

The Principle of Least Work states that if the structure is capable 
of taking loads in more than one way, the stresses in the members will 
be such that the work done is a minimum. This reqtiires the cross- 
sectional area and material of the members to be known or estimated. 
If an estimated size is found to be wrong, a second attempt will be 
necessary. 

We will first apply the principle to a structure that can be solved by 
usual methods. 

Example. A symmetrical block weighing 3000 lb. is supported by three 
wires of equal diameter and length. One wire, of steel, is in the centre, 
and there is a brass wire at each end. If Yoimg’s Modulus for steel is 
13,000 tons/sq. in., and for brass 6000 tons/sq. in., find the load taken 
by each wire. Any deflection of the block to be neglected. ^ 

By usual method 

Let Pb = Pull in brass wires i 

P, = Pull in steel wire 
then 2Pb + P, = 3000 
P, = 3000 ~ 2P^ 

Elongation of each wire is the same 

^ J. 

”” Strain ^ Ae 

PL 

therefore, elongation {e) = ♦ 
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Elongation of brass wire = elongation of steel wire 

AEji AE, 

PijL (3000- 2P^)i 
~AE^ ■“ 'aE, 

3000 - 2P^ E, 

Pb ■“ P, 

3000 E. 

3000 3000 

4-166 

brass wire. 



Load in steel wire = 3000 ~ 2 X 720' 
= 1560 lb. 


By Principle of Least Work 
Work done on each wire 


Pull X extension 
2 


Work done on brass wires 


2P^ X P tiL 
AE~ 

2 


Work done on steel wire 


Ps X PsL 
AE, 

2 


Total work done = 


Pb 
AEb 


+ 


P,^L 

2AE, 



Pj,* (3000 - 2P,)> -] 

6000 26000 J 

P,* 9000000 - 12000 Pj, + 4Pj!,‘ 

6000 ■*' 26000 


8333Pj,> + 9000000 - 12000 Pb ' 


] 


26000 
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Readers who understand calculus will know that W will be a minimum 
when — 


dW 

dP 


dW Z 

dP ~ A2Q0Q0 
12000 
i0-667 
= 720 lb. 

and as before P, — 1560 lb. 


-Q- ^ 16-667Pa - 12000 J = 0 


bherefoi^e Pb 


Those who do not understand calculus may obtain the answer by 
plotting a graph of W against P^, and find from it the value of P^ when 
W is a minimum. 

As the constants will not affect the resulting value of Pjb, they may 
be left out, and values of 

(8-333Py;^ — 12,000Py,) plotted against Pj, as follows — 



200 

600 

! 800 

1000 

700 

8-333Py,> j 

333,000 

2,080,000 

5,330,000 1 

8,330,000 

4,080,000 

- 12000Py, 

2,400,000 

6,000,000 

9,600,000 j 

12,000,000 

8,400,000 

Total 

- 2,0(57,000 

- 3,920,000 

-4,270,000 

- 3,670,000 

- 4,320,000 


The graph (Fig. 106) shows that work done is a minimum when Pg 
equals 720 lb. 



'ZOO AOO €>oo 

Pi. 

Fia. 106 , 
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We will apply this principle to a simple rectangular frame, Fig. 107. 
It is assumed that all members will resist both tension and compression. 
AB is 2 in. X 2 in. square 
BC „ 1 in. X 1 in. square 
CD „ 2 in. X 2 in. square 
AC „2iin. X 2J in. square 
BD „2im. X 2 J in. square 
The material is spruce, E — 1600000 Ib./sq. in. 

Length of BD and AC = + 4® — ^52. 



Replace the redundant member BD by the forces T at R and R, 
T being the force in this member. 

From the polygon or triangle of forces for each joint we have — 


Load in BC 

Load in AB 


Load in AC 


T4 

T sin a = — 7 ^ Tension 

V52 

T cos a = — 7 = Tension 

v '62 

J'4 

100 --^ 
100 — BC V 52 


4 

v'62 

= 26 V62 - T. Tension 


Load in CD = AC cos a == 




= 160- 


T6 

V52 


Compression 
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Increase or decrease in length = 

AE 

Work done in straining = average load x increase or decrease in 
length. 

P 

Average load ~ ~ 

A 

P^L 

Work done = '2^^^ > where P equals load in member. 

Now find the work done on each member* in terms of T, and from 
this the total work done. 


Member 

P 

Load 

lb. 

A 

Area 
sq, in. 

L 

Length 

ft. 

P^L 

Work done ft. lb. = ^r-rih 

ZAJzj 

BD 

T 


V52 

2e\ 

r X V52 X 16 1 

L 100 J 

BC 

^62 

1 

4 

1 

2E 

r i6T> X 4 1 

L 62 X 1 J 

AB 

T6 

4 

6 

1 

2E 

r .SOP* X 6 1 

L 52 X4* J 

AC 

25 V 62- T 

6i 

VT2 

2E 

^ 62-50P^T-f T*)J 

CD 

1 

P6 1 'I 

‘ j » 

1 1 



Total work (TP) = eum of last column. 

1 r 64 64 16\/52 54\ 

~ 2 e \_ V 100 52 62 100 62/ 

- ^ ( + ?i) + 'W X 25^ X 52 + 5 X 150«] 

= ^ [r» (o -32 Vk + - T (416 + 374) + 43600 + 3375o] 

= ^ [^6-62r* - 7d0r + 7726oJ 

The principle states that T must be such a value tj^at TP is a minimum. 
Headers who are unable to "do calculus may plot a graph of TP against 
T, and find the value of T from the lowest part of the graph, as in the 
previous example. Those who wish to use this method of solving 





Fig, 108 
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Example 1. Two bars, of the same material and length, run parallel 
to the same joints in a structure. The cross-sectional area of one is 
0*5 sq. in. and of the other 0*7 sq. in. If the total load carried is 24,000 lb. 
find, by the Principle of Least Work, the load in each. 

Ans, 0-5 sq. in. bar 10,000 lb. 

0-7 „ „ 14,000 lb. 


Example 2. l^nd the forces in the members of the redundant square 
frame shown in Fig. 108, when subjected to the two external loads of 



B 


1 ton 


Fig. 109 


80 1b. Given: all members are 2 in. X 1 J in. E for ED and AC ^ 
1*5 X 10® Ib./sq. in. and E for the side members = 2*0 x 10® Ib./sq. in. 

Ans, AC =64 lb. tension 

ED — 26 lb. compression 
Sides = 18*6 lb. tension 

Example 3. Find the load in the member CE of the redundant frame 
in Fig. 109, if all members are of the same material but the cross- 
sectional area of AE is twice the cross-sectional areas of ED and CE, 

Ans, 0*19 ton. 



EXAMPLES 


1. A plank spanning a chasm is freely supported at its ends, which 
are 12 ft. apart. It has three men on it, each weighing 150 lb. The 
plank weighs 10 lb. /ft. One man is 2 ft. from one side and the other 
two are respectively 6 ft. and 8 ft. from the same side. 

Find the reactions of the supports. 

Arts. 310 lb. and 260 lb. 


2. Find the drag 7), lift i, and tail load P for the aeroplane shown in 
the sketch, if the weight W = 3000 lb., the thrust T — 260 lb., and the 
machine is in steady flight. 



3. A captive balloon is acted upon by an horizontal force of 300 lb., 
due to the wind pressure. The buoyancy force on the balloon is 1000 lb. 
and its weight is 400 lb. Find the tension in the holding-down cable 
and its angle to the horizontal. (Neglect the weight of the cable.) 

Aub, 671 lb., 63° 26'. 

4. <rhe forces acting on a certain aeroplane in steady horizontal 

flight are — « 

(i) Its weight, 8000 lb. 

(ii) The airscrew thrust, 900 lb. acting horizontally through the O.G. 

(iii) The lift, acting through the C.P. which is 6 in. behind and 12 in. 

above the O.G. 

(iv) The active drag. 

(v) The passive drag 0-8 active drag, acting 9 in. below the C.G. 

(vi) A Vertical tail load, acting 26 ft. behind the O.G. 

Calculate the lift, the tail load, and the passive drag. 

Ans.' L = 8155 lb., P =:= 155 lb., D = 400 lb. 


6. A weight of 60 lb. is suspended from two points A and P on a 
horizontal ceiling. A being 10 ft. from B, The suspension cord from A 

^ 170 
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is 12 ft. long and that from B 14 ft, long. Find the pull (or tension) 
in the cords. 141b. 38^ lb. 


6. Five forces acting at a point are in equilibrium. 

(1) is 6 lb. (2) 6 lb. at 20*^ to (1), (?) 2 lb. at 70° to (1), and (4) 6 lb. at 
270° to (1). 

Find the magnitude and direction of the remaining force. 

Arts, lljlb. at 170° to (1) 

7. A force of 12 lb. acts at 45° to the vertical. Resolve it into two 
components, one vertical and one at 120° to the vertical. 

Ana. 13-3 lb. 9-8 lb . 

8. The aeroplane in the figure is maintained in steady horizontal 
flight by the forces T, W, L, D, and P. Given T ■= 360 lb., and W 
== 4000 lb., find Z, Z), and P. 



Ana. L = 369 1 lb., D = 355 lb., P =^246JR 

9. On a certain aeroplane the rudder control cable is attached to the 
rudder lever at a distance of 8 in. from the rudder hinge. The centre 
of prc^ssure of the rudder is 1 ft. 2 in. from the hinge, and the com- 
ponents of the resultant air pressure when the rudder is set at- 10° are 
shown^n the ski'tch. Find the pull in the cable. 



Ans. 109 1b. 
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10. Find the loads in the members AB and BD for the fuselage joint 
shown in the sketch. 



Ans. 300 lb., 173 lb. compression. 


11. Explain the difference between deficient, perfect, and redundant 
frameworks, showing by sketches two examples of each. 

12. For the chassis shown in figure, find — 

(a) The maximui^i bending moment in the axle. 

(5) The loads in the members AB and BC, 


V 1 




Sketch for Problem No. 12 
Ana. (a) 500 ft. - lb. ; (6) 891 lb., 5631b. 

13. (a) Find the loads in the wing structure of the biplane shown in 
the sketch. 
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(&) Check the load in the top spar, outer bay, by means of the method 
of sections. 


Am. (6) 467 lb. 


14. Find the forces in the members of the structure shown in the 
sketch. 



15. Draw a stress diagram of the fuselage end shown in the sketch, 
and from it find the magnitude and nature of the loads in the 
members. 



16. The sketch shows the rear horizontal bracing of a fuselage loaded 
in a turn. Find by the method of section the loads in the members 
AJ5, BCy BD, and CD. * 
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Sketch fob Problem No. 16 


A ns, AB, 1152 lb. compression. 

BC, 390 lb. tension. 

BD, 264 lb. compression. 
CDj 852 lb. tension. 


17. Find the forces in the members of the curved roof truss in the 
sketch. 



Sketch for Problem No. 17 

18. Find the loads in the members of the fuselage structure shown 
in the sketch. {Note, The cross-bracing will only take tension.) 



" Sketch for Problem No. 18 
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19. The external landing loads on a wing truss are given in the sketch. 
Find the loads in the spars and wires. 



20. Discuss the factors which have contributed to the advance in 
aircraft performance in recent years. 

21. What do you understand by the term Load Factor ? An aeroplane 
is in steady horizontal flight at a speed of 100 m.p.h. ; by a rapid move- 
ment of the controls the angle of incidence is increased without any 
appreciable loss of speed. If the speed in steady horizontal flight at this 
angle is 50 m.p.h., find the proof factor if this is a maximum manoeuvre 
appropriate to the type. 

An«. 6. , 


22. An aeroplane is found to have its C.G. farther back than was 
estimated. 

(a) What effect will this have on the strength and flying of the 
aeroplane ? 

, (b) State two practical methods by which this may be corrected. 

23. An aeroplane when weighed in rigging position is found to have 
a reaction on the wheels of 2000 lb., and on the tail skid of 160 lb. If 
the horizontal distance between the wheels and skid is 20 ft., find the 
distance of the C.G. behind the wheels. 

How far would the C.G. move forward if a load of 180 lb. was moved 
from 4 ft. behind to 8 ft. in front of the wheels ? 

Ans. 17-8 in. ; 1 ft. 

24. In an experiment for finding the C.G. of an aeroplane the following 

results were obtained — ^ 

Reaction on wheels in rigging position . , 4120 lb. 

Reaction on wheels in tail down position " . 4000 lb. 

Total weight of machine .... 4200 lb. 

Horizontal distance wlieels to skid in pigging 

position . . . . • ♦ . 21 ft. 

* . Horizontal distance wheels to sMd with tail 

down , . . . ’ . . . 21*12 ft. 
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Height of skid above ground in rigging position 4 ft. 

Diameter of landing wheels . . . . 3 ft. 

Find the horizontal distance behind the wheels and height above the 
ground of the C.G. of the machine in rigging position. 

A ns. 0-4 ft.; 4-8 ft. 


25. Name and state the function of each of the components marked 
.4 , R, C, Z), E, F, and G of the wing structure in the sketch. 



Sketch for Problem No. 25 


26. What functions do the following parts of an aeroplane fulfil? 

(а) Compression ribs. 

(б) Inter-plane struts. 

(c) Undercarriage radius rod. 

id) Incidence wires. 

27. Explain how the air reactions on the wings are transferred from 
the fabric to the fuselage. 

28. Sketch a monocoque fuselage, and name and state the function 
of the different members. 

29. Explain with the aid of sketches the working of any undercarriage 
shock-absorbing device. What are the main qualities required in such 
a shock absorber? 

30. A flying wire has to carry a load of 800 lb., and an ultimate 
factor of 6 has to be used. If the ultimate stress for R.A.F. wires is 
65 tons/sq. in., calculate the cross-sectional area of the wire. 

Ans. 0 033 sq. in. 


31. Two flat steel bars 4 in. wide have to be lapped and bolted 
together in order to form a tension member, to carry a load of 180,000 lb. 
Find the necessary diameter of the bolt and the thickness of each bar. 
Take the tensile and shear stress of the bar and bolt to be 32 tons/ 
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sq. in. and 40 tons/sq. in. respectively. What will be the bearing 
stress ? 

Ans, 1| in., 1*05 in., 47-2 tons/sq. in. 


32. Two flat steel bars are to be fastened together by a bolt to form 
a tension member. Tlio bars are 3 in. wide and 4 in. thick, and the 
tensile stress in the bar is to equal the shear stress in the bolt. Find 
the diameter of the bolt. 

Ans, 1-1 in. 

33. The lo^ds in a bracing wire of circular cross-section under three 
conditions of normal flight — viz. centre of pressure forward, centre of 
pressure back, and nose dive — are found to be 1800 lb., 1000 lb., and 
3000 lb. respectively. If the ultimate factors are 6 for C.P. forward, 
7 for C.P. back, and 1-5 for nose dive, determine the necessary diameter 
of the wire. Given ultimate stress 50 tons/sq. in. Proof stress 45 tons/ 
sq. in. 

Ans, 0*36 in. 


34. The maximum horse-power which a certain aero engine can 
develop is 450 at a speed of 1700 r.p.m. The power is transmitted to 
the propeller by 6 bolts J in. diameter passing through the boss and 
two flanges in the prop^ler shaft so that the bolts are in double shear. 
The iyj,dius of tl;.e bolt circle is 3 in. 

Find the torque transmitted to the propeller and the shear stress 
in the bolts. 

Ans, 13 90 ft. -lb. ; 2367 Ib./sq. in. 

35. An aeroplane spar has an ^ in. diameter rivet hole punched in it. 
1 the material is 0*04 in. thick and has an ultimate shear strength of 
50 tons/sq. in., find — 

(а) The load in the punch. 

(б) The stress in the punch. 

Ans, 17571b.; 64 tons/sq. in. 

36. A duralumin tube 3 ft. long is used as a strut and is subjected to 
a compressive end load of 4500 lb. If the tube is 20 S.W.G. thick, find 
a suitable diameter. 

Ans, 1 J in. 


37. A steel tube which is 1 in. diameter and 0 025 in. thick is fitted 
at each end with a forked socket, by means of two 3^ in. diameter 
taper pins. Find the maximum tensile and bearing stresses in the tube 
when it is subjected to a tension of 3000 lb. 

Ans, 43,000 Ib./sq. in. ; 160,000 Ib./sq. in. 

38. A corrugat/cd rolled steel strut is made of 65 tons/sq. in. yield 
steel. Its radius of gyration is 0*47 in., area of cross-section 0*12 sq. in., 
and length 30 in. Wliat load will it withstand ? 

Ans, 6880 lb. ^ 
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39. The maximum compression and tension loads (including load 
factors) which will come on the fuselage bay in the sketch are shown 
against their respective members. The struts which are 20 S.W.G., 
tubes, may be subjected to a stress of 28 tons/sq. in. Determine suitable 
diameters. 



Ans, AB == IJ in., AC = 1 in., BD = J in., 
BC = 2 in., CD = 1«| in. 


40. If the size of the members BC and RZ>, Question 16, are deter- 
mined by the condition considered, and if the ultimate factor for this 
condition is to be 4, determine suitable sizes for these members. Ulti- 
mate stress in the tie is 60 tons/sq. in. and in the strut 28 tons/sq. in. 

Ana, BC = i in. diameter. 

BD = I in. diameter X 22 S.W.G. tube. 

41. What is the effect on the strength/weight ratio of — 

(а) Increasing the length of a strut? 

(б) Increasing the diameter of a thick strut? 

(c) Increasing the diameter of a very thin strut? 

(d) Corrugating a strut with a too large diameter- thickness ratio ? 

42. The following particulars apply to an aeroplane metal spar which 
is symmetrical about the neutral axis — 

Moment of Inertia of section = 0*3 in.*. 

Total area of section = 0*25 sq. in. 

Distance of centroid of half section above neutral axis 1*1 in. 

Thickness of web at neutral axis = 0 03 in. 

Maximum allowable shear stress = 60 tons/sq. in. 

Find the maximum shear force the spar will withstand. 

Ana, 3‘9 tons. 

43. A 10 ft. beam is freely supported at each end and carries a load 
of 600 lb. evenly distributed over its whole length. 

(а) Draw the bending moment and shear force diagrams. 

(б) Find the minimum width, if it is of rectangular cross-section and 
2 in. deep. The stress is not to exceed 4 tons/sq. in. 

Ana, (b) 1*26 in.* 
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44. A beam is tubular in cross-section, 3 in. in diameter and 0-056 in. 
thick. It carries a load of 1200 lb. in the centre of the span of 8 ft. 
Find the maximum bending moment, and the maximum stress in the 
beam. Neglect the weight of the beam. 

Arts. 2400ft.-lb.; 76,900 Ib./sq. in. 


46. If the beam in Question 44 is also subjected to a compressive 
end load of 25001b., and the total deflection in the centre is 1-4 in., 
find the maximum stress under this condition. 

Ans, 90,900 Ib./sq. in. 

46. Why must members in a structure be particularly strong when 
they are to be subjected to bending as well as compressive loads ? What 
parts of an aeroplane carry both types of load ? 

47. Show by means of a sketch the distribution of tensile and com- 
pressive stress due to the pure bending of a beam. Explain how this 
stress distribution shows the advantage of putting the bulk of the 
material at a distance from the N.A. in order to obtain a maximum 
strength/weight ratio. 

48. The figure shows the arrangement of the front spar and diagonal 
strut of a semi-cantilever monoplane. If the lift force on the spar is 
60 lb. per ft., find — 

(a) The end loads in AC and BC, 

(bj The shear force in the attachment pins at joints A and B, 

(c) The diameter of strut AC if it is a 17 S.W.G. 40 tons/sq. in. steel 
tube. Allow an ult. factor of 4^. 




Ans. (a) 1904 lb. compression; 1633 lb. tension. 
(6) 19041b.; 16661b. 

(c) 2 in. 
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49. The figure shows the arrangement of the front spar and diagonal 
strut of a semi-cantilever monoplane. If the lift force on the spar is 
40 Ib./ft., find- 

fa) The end loads in and RC. 

(b) The shear force in the pins at A and B and their diameters if 
they are in double shear. Allow a load factor of 7 and a stress of 



Sketch fob Pbobeem No. 49 


60. Two spars of identical shape, thickness, and length, carry the 

same uniformly distributed load and compressive end load. One spar 
is of duralumin and the other of steel. Which will be subjected to the 
greater stress ? Ans, Duralumin spar. 

61. For the type of steel spar shown in the sketch, state — 

(i) Why the member (a) is introduced. 

(ii) Why there is a small radius at (6). 

(iii) Why the fiange is thicker than the web. 

Uv) Why the radius/thiekness ratio may be greater at (c) than at (d). 

iif 
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62. (a) What do you understand by elastic stability? 

(b) State any three rules which have to be considered in the design 
of a metal spar. 

53. A solid shaft, 3 in. diameter, transmits a torque of 4600 ft. -lb. 
It is replaced by a similar shaft of 3^ in. diameter. If the maximum 
stress remains the same, what torque will it now transmit? 

Ana. 7146ft.-lb. 


64. An aeroplane weigliing 4800 lb. is resting on the ground. In this 
position the horizontal distances of the C.G. and the tail skid from the 
wheels are 1 ft. 4 in. and 16 ft. respectively. The arrangement of the 
rear end of the fuselage is shown diagrammaticaUy in the figure. Find — 

(a) The reaction on t|ie tail skid. 

{b) The jufignitiido and iiatui*(‘ of t Ji<* load in in(*inb(‘rs AJi and Cl), if 
th(‘ lop longcu'on sk)p<Ml downwards and i('arwards 10 when resting 
on the ground. (N(*gl(‘ct the weight of th(‘ nicnnhcTS.) 



Ana. (a) 400 lb. 

(6) 008 lb. compression ; 401 lb. tension. 


55. A cantfiever monoplane has a semi-span of 20 ft. and a chord of 
6 ft. for the whole span. The front and rear spars are 12 in. and 4 ft. 
back from the L.E. respectively, and the centre of pressure is one-third 
of the chord back from the L.E. The total weight of the aircraft is 
20,000 lb. and of the wings 2600 lb. 

(а) If the load distribution is as Fig. 64, Chapter VII, plot a load 
curve for the front spar. 

(б) If the front spar is attached to the fuselage by two bolts JiO in. 
apart, find the horizontal reactions in these bolts. 

Ana. 63,000 1b. 


66. What must be the modulus of section of the front spar, in Example 
66, at the root end, if the ultimate lo^ factor for the condition 
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considered is 6, and the material has a yield stress of 60 tons , per 
sq. in. (Neglect end load due to drag bracing). 

Ana. 2-2 in.® 

67. Make a sketch of a typical two-bay biplane truss, and on it indi- 
cate the types of loading on the varioxis members when the aeroplane 
is in (a) normal horizontal flight, (b) landing. 

68. Discuss the relative strength/weight ratios of the two biplane 
trusses shown in the sketch. 



69. (i) Why is the inner bay of a two-bay biplane usually made shorter 
than the outer ? 

(ii) What is the effect on the strength/weight ratio of increasing 
(a) the stagger, (5) the aspect ratio? 

60. A total load of 8000 lb. has to be transmitted by duplicated 
lift wires. Due to faulty rigging, one wiye has a length of 12 ft. 6-6 in., 
and the other 12 ft. 6*3 in., when not subjected to load. If the cross- 
sectional area of each wire is 0 05 sq. in., find the load taken by each 
wire. 

Ana. 3000 lb., 5000 lb. 

61. What is the reason for duplicating flying wires, and what rules 
have to be obeyed when this is done? 

62. How may the lift forces be transmitted in a single bay biplane 
(such as the Bristol Bulldog) when the rear flying wires €we broken, and 
how will it affect the loads in the rest of the wing structure ? 

63. Sketch the side elevation of sTtypical fuselage, showing the forces 
which are likely to act on it during high speed flight. 

64. What functions has the undercarriage of an aeroplane to perform ? 
Clive the nature of the loads to which it may be subjected 
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65. Find the maximum ground reaction and the full deflection of an 
undercarriage for a civil aeroplane weighing 2000 lb. and havihg a 
stalling speed of 46 ft./sec. Assume the load-deflection graph is that 
given in Fig. 74, Chapter VII. 

Ans. 6700 lb. ; 8*5 in. 


66. (a) Find the loads in the members of the undercarriage in sketch 
when it is subjected to a force of 4000 lb. as shown. 

(6) Find also the loads when the leg AB has been compressed 7^ in. 
and the external force remains the same. 



Atis. Axle (a) 1 140 lb. tension, (b) 1550. 

AC (a) 730 lb., (b) 480 lb. compi*ession. 
AB (a) 3910 lb., (b) 4100 lb. compression. 


07. Make a dimensional sketch of the shape of the last die required 
for forming the steel flange shown in the sketch. The steel has a yield 
stress of 74 tons/sq. in., and B = 13,600 tons/sq. in. 



68. Sketch an Armstrong Atlas spar, and briefly explain some of the 
>inain princii^es in its design. ’ 

7— (A.9001) f 
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69. Sketch a rib of the Warren girder type, distributing the bracing 
so as to give a high strength/weight ratio. If the bracing is the same 
S€‘ction throughout, which member is likely to fail first? 

70. The sketch shows a shackle for attaching a lift wire to a spar. 

(a) Why is the pin-hole offset in the shackle.^ 

(b) What is the maximum shear stress in the bolt if the load in the 
wire is 10,400 lb. ? 



Sketch for Problem No. 70 
Aits. 58,900 Ib./sq. in. 


71. Design a wiring lug to carry a load of 8450 lb. The maximum 
stress is not to exceed 26 tons/sq. in. The fork end is 0*2 in. wide and 
0-4 in. deep from pin centre to bottom of fork. A J in. diameter pin 
is used. 

72. Sketch a suitable fuselage joint for a wire braced fuselage. The 
longeron is to be continuous and the struts are to be attached to the 
fitting with fork sockets. 

73. What is wrong with the fitting design shown in the sketch? 
Make a sketch showing the necessary alterations. 



74. The sketch shows the spar attachment fitting for a Aft strut. If 
the maximum load in the strut is 15,120 lb. tension and the thickness 
of the spar side plates a 0-072 im, find the size of the bolts b in order 
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that they may be of minimum weight. Take the bearing and shear 
stresses to be 120,000 Ib./sq. in. and 64,000 Ib./sq. in. respectively. 



Sketch for. Problem No. 71 


in. outside diameter, 
in. inside diameter. 


75. Find the moment of inertia about an axis parallel to and 2 in. 
below a line joining the centres of the 0 15 in. radii of the flange in 
Example 67. 

Ans. 0-384 in.^ 


76. The loads in a bracing wire of circular cross-section under three 
conditions of steady flight are — 

C.P. forward = 1800 lb. 

C.P. back = 2300 lb. 

Nose-dive == 6000 lb. 

The worst manoeuvre appropriate to type in C.P. forward attitude 
is pulling out of a dive at 240 m.p.h. at stalling angle. Stalling .speed ~ 
120m.p.h. 

In C.P. back attitude an acceleration of 2g is the worst expected 
acceleration. 

No accelerations are obtained during nose-dive. 

(а) Find the ultimate factors in each case. 

(б) Find the load a typical wire must stand on test. 

(c) Find the necessary diameter of the wire if the ultimate stress is 
50 tons diag. sq. in. (Proof stress of wire will be greater than 0-76 
ultimate stress.) 

Ans. 8, 0. 2. 

17,2801b. 

0*406 in. 
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77. (a) Explain what you understand by “divergence speed.” 

(6) How may wing flutter be prevented? 

78. (a) What do you understand by “geodetic construction”? 

(b) Explain the functions of the skin, longitudinal stringers, and 
transverse rings of a semi-monocoque fuselage in resisting fracture 
when it is subjected to bending and shear. 
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Acceleration, effect of, 26 
AerobaticH, 29 

Aerofoils, spar spacing in, 120 

Ailerons, 64, 72, 74 

Airscrew thrust, 29 

Anti-lift wire. See Landing Wire 

Aspect ratio, 98 

Axle, 82, 111 

Hkams, 42 

, bending moment in, 42 

continuous, 53 
, effect of end load^ 51 

, effect of shape, 47 

, shear force in, 42 

~ strength of, 42 
, stress in, 42, 45 

- thin metal, 53 

Bearing stress, 37, 139 
Bending lugs, 140 
moment, 42 

— diagram, 43 

stress, 45 

Wagner, 59 

Biplane trusses, 99 
Body, relative weight, 23 
Bow’s Notation, 13 
Buckling, 39, 53 

(’entre of gravity, actual, 30 

, correction of, 30 . 

— — , effect of position, 29 

^ estimated, 29 

Chassis. See Undercarriagt? 
Compression rib, 64 
Conditions of equilibrium, 2 
Consumable load, 24 
Continuous beams, 35 
Corrugating metal strip, 41, 53, 127 
Cross-bracing, loads in, 1 5 

Deelection of, beams with end load, 
51 

of undercarriage, 111 

Diameter/thiokness ratio of tubes, 41 
Dies, 127 

Distance records, 24 
Drag bracings 64, 102 

— attachment, 124 

- — - strut. 64 

Duplication of Hying wires, 104 
Duralumin tube^ strength of, 154, 
162 


Elastic limit, 37 

stability, 53, 59, 77 

Elevator, 93 

End load in beams, 51 

Equilibrium, 1, 2, 13 

Equivalent, eccentricity of loading, 39 

plane, 31 

Euler’s strut formula, 39 
Examples, 172 

Fabric, 64, 81 
Factor of safety, 26 
False spar, 64 
Fin, 93, 1 1 1 
Fittings, 133 

, types, 141 

Flexibility, 69 
Flutter, 72 

Flying wires, duplication of, 104 
Force. 1 

in a structure, 13 

, polygon of, 4 

, resolution of, 3 

Frames, 12 

Fuselage, joints, 133, 141 

, loads in, 110 

types, 75 

Geodetic construction, 81 

Head resistance, 23, 75, 84, 101 
Hydraulic systems, 85 

Incidence bracking, 64, 85, 95 
Interplane struts, 64, 91, 101 

Landing loads, 36, 82, 111 

wire, 64 

Leading edge, 64 
Lift reactions, 97 

wire. See Flying Wire 

Loads, distribution on spar, 95 

, distribution on wings, 94 

factor, 26 

^ effect of, 27 

in a nosedive, 35 

— — in a structure, 13, 26 > 

— — in a turn, 35 

in horizontal flight, 34 

in landing, 36, 111 

on an aeroplane, 26 

on the fuselage, 110 

on the main planes, 94 

, on the undercarriage. 111 
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Maik planes, 64, 94 
Mass balance, 73 
Metal covering, 64, 77 

strip, 41, 120, 127 

Method of sections, 18 
Modulus of elasticity, 37 

of section, 47, 147 

Moments, 1 

of inertia, 7, 10, 47, 62, 147 

of thin sections, 149 

— of resistance, 42, 47, 62 
Monoplane trusses, 99 

NETJTBAii axis, 42, 4(> 

plane, 46 

Nosedive, loads in, 35 

Offset lug, 139 

wire, 133 

Oleo leg, 82 

Performance, 23 
Permanent set, 37, 72, 127 
Polygon of forces, 4 
Power plant, 23 
Principle of moments, 1 
of least work, 165 

Radius of gyration, 9, 11, 39, 147 

rod, 82, 114 

thickness ratio of spars, 55 

Resistance, 23, 84, 101 
Resolution of forces, 3 
Rib compression, 64 

design, 132 

function, 64 

nose, 64 

types, 132 

Rigging faults, 13, 110 
Rolls, 127 
Rudder, 93 

Section constants, 144 

modulus, 47, 144 

Self straining, 13 
Shear force, 42 

diagram, 42 

stress, 37 

— in beams, 42 

Shock absorbers, compressive rub- 
bers, 84 

— , load-deflection grapli, 111 

, oleo, 83 

^ pneumatic, 83 

^ springs, 82 

Southwell’s strut formula, 39 
Spar, depth, 120 


Spar, design, 53, 120 
— - 1 ^- forming the corrugations, 127 
— function, 64 
— lip, 62 

loads, 53, 64, 95 

- radiiis/thi(!knpss ratio, 55 

riveting, 122 

spacing, 120 

- types, 120 
Speed records, 24 
Stagger, effect of, 102 
Steel tubes, strength of, 154 
Strain, 37 

Strength/weight ratio, 23, 53, 133 
Stress, 37 

, bearing, 37, 139 

, bending, 45 

diagram, 14 

— , shear, 37 

^ in beams, 42 

— — , tensile, 37 
Stressed skin, 64, 77 
Structural weight, 23 
Strut, corrugated, 41 

, diameter/thickness ratio, 41 

, drag, 64 

, Euler’s formula, 39 

, intei'plane, 64, 101 

, load curves, 153 

• , Southwell’s formula, 39 

- - , strength of, 39 

Tail plane, 92 

skid, 91 

unit, 23, 91 

Tensile stress, 37 

Thin metal sections, 41, 53, 127, 149 
Thrust, 29 
Torsion, 62 

of fuselage, 36, 111 

stress, 62 

Trailing edge, 64 

Travel of undeircarriage. 111 

Truss, 12 

, biplane, 99 

, monoplane, 99 

Tubes, 39, 133 

, diameter/ thickness, ratio, 41 

, strength, 39, 163 

Turn, loads in, 35 
Tyres, 84, 111 


Undercarriage, 30, 82, H 1 

, deflection, 111 ' 

'» ground reaction, 111 

, relative weight, 23 

, trmyele, 91 
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Undercarriage, retractable, 84 

, strength of, 113 

Useful load, 23 

Wagner beajn, 59 
Weight of aircraft, 23 

of structure, 23 

Welded joint, 143 
Wheels, landing, 84, 113 
Wing load distribution, 94 
loading, 94 


Wing, relative weight, 23 

, twist, 69 

Wire, di’ag, 64, 102 

, flying, 64, 99 

, incidence, 64, 105 

, landing, 64 

Wiring lug, 136 

Young’s modulus. See Modulus of 
Elasticity 





